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General Introduction
1
Phytoplankton and the abiotic environment
Phytoplankton are unicellular photosynthetic organisms that are suspen-
ded throughout the water column and form the base of most marine pelagic 
food webs. In the marine environment they are accountable for approximately 
48.5 Pg of inorganic carbon uptake (primary production) per year, which is 
roughly half of annual primary production worldwide and 98% of total pri-
mary production in the marine environment (Field et al. 1998). Phytoplankton 
primary production varies with space and time as the result of environmental 
conditions. The availability of dissolved inorganic carbon (DIC) in the water 
column, being the substrate for primary production, affects phytoplankton 
production. Especially during phytoplankton blooms is DIC rapidly depleted 
due to rapid growth (Codispoti et al. 1982, Riebesell et al. 1993). Light in the 
form of photosynthetically active radiation (PAR) is the source of energy for 
photosynthesis and as such it is another main factor that controls phyto-
plankton primary production. When the intensity of the light is too low, for 
example at greater depth in the water column or in waters with high turbidity 
(e.g. sediment load or during a dense phytoplankton bloom) phytoplankton 
production is severely reduced (Cloern 1999). The same holds for a reduction 
in the duration of the light period by mixing or seasonal changes in the win-
ter season in temperate and polar regions. Alternatively, reduced availability 
of obligatory mineral resources for phytoplankton such as nitrogen (N) and 
phosphorus (P) can limit phytoplankton growth (Reynolds 2006a). Shortage of 
nutrients can occur during phytoplankton spring blooms in eutrophic coastal 
waters, whereby strong increases in phytoplankton biomass quickly deplete 
a specific nutrient, leading to an abrupt inhibition of growth of the dominant 
species (Reid et al. 1990, Cloern 1996). Under oligotrophic conditions with low 
nutrient concentrations (e.g. coastal summer or open ocean), phytoplankton 
growth depends largely on nutrients that are supplied by recycling (Harris 
1986, Howarth 1988, Moore et al. 2013). As different phytoplankton species 
have different resource requirements, the spatial and temporal variabilities in 
the environment also largely determine phytoplankton size distribution and 
taxonomic community composition (Tilman et al. 1982, Litchman and Klaus-
meier 2008, Beardall et al. 2009). The composition of phytoplankton, in turn, 
largely determines the structure of the pelagic food web, and herewith the ef-
ficiency of carbon sequestration (Reynolds 2006b). 
Global change, the increase in atmospheric and oceanic CO2 and warm-
ing of the earth’s atmosphere and oceans (Stocker et al. 2013), directly affects 
abiotic variables relevant for phytoplankton growth (Beardall et al. 2009). The 
atmospheric CO2 concentration increased from 300 to over 400 µatm in the 
last 50 years and is still rising at unceasing rate (Stocker et al. 2013). Dissolu-
tion of CO2 in marine waters increases the DIC availability for phytoplankton 
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and lowers the pH (a process called ‘ocean acidification’; Riebesell & Tortell 
2011). Laboratory studies showed that not all phytoplankton species are af-
fected by altered CO2 concentrations. Other phytoplankton species may show 
changed elemental stoichiometry and increased or reduced growth rates and 
primary production (Riebesell & Tortell 2011; Riebesell 2004). Mesocosm ex-
periments have shown net increases for smaller-sized phytoplankton groups 
under elevated pCO2 (Engel et al. 2008, Brussaard et al. 2013). Moreover, 
anthropogenic CO2 emissions are almost certainly the main cause for global 
warming (Stocker et al. 2013). Molecules of CO2 absorb and reemit radiation 
in the atmosphere, thereby trapping energy and increasing the temperature 
(greenhouse effect). Warming of the ocean surface will lead to an extension 
of temporarily and permanently vertically stratified waters (Sarmiento et al. 
1998, Sarmiento et al. 2004). Phytoplankton in the mixed layer may sub-
sequently experience increased nutrient limitation, because nutrient supply 
from deeper waters will become strongly reduced and may even be halted 
(Behrenfeld et al. 2006). P-limitation is particularly thought to prevail in the 
future oceans, because bioavailable mineral N can also be produced by N2-fix-
ation (Karl et al. 1997). Furthermore, light levels in the stratified layer will be 
more static, yielding an environment with relatively high light levels in the rel-
atively shallow mixed layer and with statically low light deeper in the euphotic 
zone (Finkel et al. 2010, Winder and Sommer 2012). Global change might thus 
affect phytoplankton community composition, growth and production in the 
world’s seas and oceans, with possible consequences for food web structure 
and biogeochemical cycling (Hays et al. 2005, Behrenfeld et al. 2006, Winder 
& Sommer 2012).
Top down control of phytoplankton
While bottom up control regulates phytoplankton gross production, morta-
lity agents control the actual net biomass, a process referred to as top down 
control (Raven et al. 2005). Two important top-down controlling factors for 
pelagic marine phytoplankton are grazing and viral lysis (Mojica et al. 2016). 
Grazing is the process whereby phytoplankton cells are being consumed by 
herbivorous flagellates and zooplankton and therewith the first step at which 
energy and assimilated elements are being transferred up the food chain to 
higher tropic levels. Grazing is typically prey size-selective and to a much les-
ser extent prey species-specific (Marañón 2015). Through grazing a significant 
fraction of the photosynthetically fixed CO2 sinks down to the deeper ocean 
in the form of fecal pellets (Volk & Hoffert 1985, Turner 2015). It is estimated 
that of all the anthropogenically emitted CO2 thus far, the world’s oceans have 
absorbed roughly 30% of which a quarter is transported to the deep ocean via 
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this process, which is termed the biological pump (Falkowski et al. 2000, Tur-
ner 2015). In contrast, viral infection of phytoplankton is typically very host-
specific, even to the strain level (Brussaard 2004) and as such a major driver 
of microbial biodiversity (Weinbauer & Rassoulzadegan 2003). Viral-induced 
mortality has been found of comparable rate as grazing (Cottrell and Suttle 
1995; Baudoux et al. 2007; Mojica et al. 2016). Moreover, viral lysis of the host 
cell releases the photosynthetically fixed (by the phytoplankton) carbon back 
into the environment where it is subsequently respired by heterotrophic bac-
teria (Suttle 2007). Hence viral lysis diverts elements and energy away from 
the food web into the dissolved/ suspended state and thus plays an important 
role in the cycling of carbon and other (nutritional) elements (Wilhelm & Suttle 
1999; Suttle 2007). Therefore viruses may thus even reduce the efficiency of 
the biological pump by preventing the grazing of phytoplankton and thus the 
formation of fecal pellets that transport inorganic carbon to the deep ocean 
(Brussaard et al. 2008). 
The chance for successful infection of new host cells depends largely 
on the total abundance of newly produced viruses (Murray & Jackson 1992). 
Viruses are particles consisting of nucleic acids surrounded by a protein cap-
sid and sometimes a lipid membrane. The abundance and decay of viruses 
depends on the environment (Mojica & Brussaard 2014). High ultraviolet radi-
ation (UVR), low pH and adsorption to aggregates are examples of such direct 
effects, i.e. they alter the integrity or infectivity of the viral particles (Suttle & 
Chen 1992, Brussaard et al. 2005). As obligate parasites, viruses need a host 
organism for their reproduction. The proliferation of viruses may depend on 
the metabolism of the host, and hence also on the abiotic environment (indi-
rect effect; Mojica & Brussaard 2014). 
After adsorbing to and penetrating into a host cell, viral genes must be 
transcribed and translated into proteins, viral particles have to be assembled 
(nucleic acids, [capsid] proteins, lipid membranes) and complete viruses must 
be released from the host by budding or lysis. All these processes require 
energy (ATP, reducing power), building blocks (chemical elements, amino ac-
ids, nucleic acids, lipids) and enzymes, for which viruses are dependent on 
the host. Unfavorable cellular conditions can therefore lead to a reduction 
and delay in the production of progeny viruses. A lower number of progeny 
viruses that is produced per host cell (viral burst size) directly reduces the 
chance for successful new viral infection of other host cells (Murray & Jack-
son 1992, Bratbak et al. 1998). A delay until the first extracellular release of 
virus progeny (viral latent period) or a reduced production rate (number of 
viruses produced per lysed host cell) slows the spread of viruses through the 
water column and, therefore, the rate of new infections (Levin & Lenski 1983). 
In such an environment with relatively low viral impact, grazing might be the 
most important mode of phytoplankton mortality, which has direct conse-
12
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quences for food web functioning and biogeochemical cycling (Brussaard et 
al. 1996, Fuhrman 1999, Wilhelm & Suttle 1999, Brussaard et al. 2008). The 
available knowledge on the effects of the environment on virus phytoplankton 
interaction is however still limited, especially regarding its potential impor-
tance in the light of global change. In the future ocean, increased light levels 
and nutrient limitation (due to stratification) and increased CO2 availability 
might strongly impact virus induced mortality, possibly leading to shifts in the 
balance between viral lysis and grazing of phytoplankton. This in turn might 
affect food web dynamics, biogeochemical cycling and in particular carbon 
sequestration in the future ocean. 
Gaps in the knowledge on environmental control of 
virus-phytoplankton interaction
Environmental effects on virus-phytoplankton interaction would ideally be 
studied in natural marine waters. Nowadays techniques are available to mea-
sure in situ viral abundances (e.g., Sandaa et al. 2006, Brussaard et al. 2010, 
Suttle & Fuhrman 2010), determine rates of viral production and viral lysis 
(e.g., Kimmance & Brussaard 2010, Weinbauer et al. 2010) and unveil phyto-
plankton virus diversity and functions (e.g., Short & Suttle 1999, Edwards & 
Rohwer 2005). However, as there is a large extent of bottom up and top down 
controlling factors simultaneously affecting natural phytoplankton growth 
and mortality as well as virus decay, it is very difficult to relate specific ob-
served patterns to abiotic variables. To improve our mechanistic understan-
ding of the influence of physicochemical variables on viral proliferation, and 
virus and host dynamics, well controlled experiments are essential. The use of 
mesocosms allows working with natural samples, however, other factors than 
viral activity affecting the observed results can still not be excluded. Labora-
tory culturing allows the study of the effects of isolated environmental conditi-
ons under well-controlled conditions and thus in more detail. The first studies 
specifically focusing on the effects of the environment on phytoplankton-viral 
proliferation were undertaken in the 1970s (Allen & Hutchison 1976; Cséke & 
Farkas 1979), but despite now being 40 years later the total number of publi-
cations does not exceed 22 (Table 1.1). 
The few studies on CO2 enrichment in relation to viral infection demon-
strate indecisive results for the three phytoplankton host species tested (Table 
1.1). Similarly as to the influence of elevated pCO2 on phytoplankton growth, 
production and stoichiometry (Riebesell & Tortell 2011), the effects on phyto-
plankton-viral proliferation may also vary from species to species. Tempera-
ture is another important algal growth-regulating factor and as such can be 
expected to affect virus-host interactions, however, for this factor literature 
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is even more limited (Table 1.1). The influence of light type and level on vi-
rus-phytoplankton interaction is species-specific (Table 1.1); UV-B radiation 
showed species-specific responses, with prolonged lytic cycles for two of the 
five algal host species tested (Jacquet and Bratbak, 2003) and excess PAR has 
been show to decrease viral burst sizes in the nanophytoplankter Phaeocystis 
globosa, but not in the smaller-sized Micromonas pusilla (Baudoux & Brus-
saard 2008). Low light availability and complete darkness treatments resulted 
in unaffected viral proliferation some culture model phytoplankton host-virus 
systems, while others showed reduced viral adsorption and viral burst sizes 
or even a complete abortion of the viral infection cycle (Table 1.1). These stud-
ies show that for many virus-host systems, energy in the form of light must 
be supplied during the infection cycle. Allen & Hutchison (1976) showed that 
viral replication in the cyanobacterium Synechococcus sp. was inhibited in the 
absence of light due to its dependence on photophosphorylation, the light de-
pendent formation of ATP. Energy for this process is acquired by the absorp-
tion of photons in photosystem (PS) II, a structure of proteins, pigments and 
accessory molecules that processes the transfer of light energy. Energy is then 
further transferred in the so-called electron transport chain (ETR) ending in 
the formation of energy rich ATP molecules that deliver energy to most cellular 
functions and also to viral proliferation. 
Components of PSII and the ETR and their precursors in phytoplankton 
cells are also dependent on elements such as N, P and Fe, which are the ele-
mental building blocks of proteins, mRNA and cofactors), hence low mineral 
nutrient concentrations might indirectly negatively affect the production of 
viruses as well. Furthermore nutrients provide essential building blocks for 
phytoplankton viruses. Viruses might thus also be directly affected by short-
age of elements such as N or P for their nucleic acids or (capsid) proteins. 
Thus far, studies on nutrient availability affecting algal viral production mere-
ly focused on the state of depletion of the growth-controlling nutrient, mainly 
soluble reactive phosphorus (SRP; Table 1.1). For different phytoplankton spe-
cies, P-depletion, i.e. low or decreasing P-concentration, was reported to re-
duce progeny viral production. However, in the natural aquatic environment, 
P-availability is not only the result of the ambient nutrient concentration but 
also of the turnover rate of the nutrient into a bioavailable form (remineraliza-
tion; Gieskes & Kraay 1975, Harris 1986). Phytoplankton cultures in nutrient 
depleted stationary growth phase can be argued to show a different outcome 
than nutrient limited phytoplankton cells which are still actively growing at 
the moment of infection. Although both situations have ecological relevance: 1) 
P-depletion at the end of a phytoplankton bloom, and 2) P-supply via turnover 
in oligotrophic waters, a situation occurring in large sections of the world’s 
oceans (Benitez-Nelson 2000, Zehr & Ward 2002). 
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Additionally, many phytoplankton species are able to directly utilize 
soluble non-reactive compounds (SNP; e.g. polyphopshates and phosphomon-
oesters) by the use of specific enzymes such as alkaline phosphatase (Cembella 
1984, Benitez-Nelson 2000). The ecological significance is potentially high as a 
large fraction of the total P pool consists of such compounds (in the open ocean 
up to five times more than the inorganic P pool; Karl 2002) and viral lysis of 
microbes itself is an important contributor to this pool (Gobler et al. 1997). 
It can be hypothesized that this process may strongly temper the anticipated 
inhibiting effects of P-depletion and P-limitation on viral proliferation in the 
natural oligotrophic environment, but to date this has not been investigated. 
There are more specific gaps in our knowledge that have thus far not 
been addressed sufficiently, for example how combined environmental vari-
ables affect algal host-virus interactions. Simultaneous effects of environ-
mental variables on non-infected phytoplankton physiology and growth are 
well-studied and show that the inhibiting effects of an environmental con-
straint on phytoplankton growth can be strengthened by other stressors (e.g. 
co-limitation of N and P, or light inhibition with nutrient limitation or elevated 
CO2; Armstrong 1999, Bougaran et al. 2010, Hoogstraten et al. 2012). Similar 
interactive effects are likely to be important for virus-phytoplankton inter-
action as well, but as yet are virtually unstudied. Only one such study has 
been published, whereby the effect of darkness on virus adsorption to a cya-
nobacterium was found to be dependent on salinity (Cséke and Farkas 1979). 
Within the frames of climate change research, it is of interest and importance 
to know if there is an interacting effect of nutrient limitation with elevated CO2 
or different light levels on phytoplankton host-virus interactions. 
Lipids, important constituents in virus-phytoplankton 
interaction 
The effects of variations in environmental factors on virus-phytoplankton in-
teractions may include changes in the physiological state of the host cell (e.g. 
measured as photosynthetic efficiency, enzymatic activity, elemental stoichio-
metry) which ultimately affects viral proliferation due to a shortage of resour-
ces (energy, nutrients). Thus far only few studies focused on the physiological 
state of the phytoplankton host in relation to environment-virus growth cha-
racteristics (e.g. Baudoux & Brussaard 2008, Chen et al. 2015). More spe-
cifically, a potentially important physiological constituent in the interaction 
between environment phytoplankton and viruses is formed by lipids. These 
hydrophobic molecules comprise boundaries between the cell cytoplasm, or-
ganelles and the extracellular environment and give structure to the photo-
synthetic machinery as thylakoid membranes (Volkman et al. 1998). Viru-
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ses have to cross lipid-containing host cell membranes during infection, may 
be produced in ‘virion factory’ lipid structures, and can even possess one or 
more lipid membranes themselves (Mackinder et al. 2009, Santini et al. 2013). 
Wilson et al. (2005) showed that Emiliania huxleyi virus EhV-86 carries ge-
nes that code for enzymes involved in host lipid metabolism. Four years later 
it was shown that EhV-86 establishes the production of a glycosphingolipid 
upon infection of E. huxleyi that plays a role in the lysis of the host (Vardi et al. 
2009). Since phytoplankton lipid composition is strongly affected by variables 
such as light and nutrient limitation (Guschina & Harwood 2009), one may 
speculate that the environment affects virus-phytoplankton at the lipid level. 
P-limitation has been found to affect lipid composition whereby P-containing 
lipids are replaced by non P-containing lipids (Sato et al. 2000, Van Mooy et 
al. 2009, Martin et al. 2011, Abida et al. 2015). Furthermore, by altering host 
lipid dynamics, viruses might even affect phytoplankton nutritional value for 
higher trophic levels. Evans et al. (2009) showed that EhV infection of Emilia-
nia huxleyi CCMP1516 resulted in a relative decrease in polyunsaturated FAs 
(PUFAs) compared to monounsaturated and saturated FAs. Many organisms 
are auxotrophic for PUFAs and rely on phytoplankton for the production of 
those compounds. As it can take one or more days for an infected phytoplank-
ton cell to lyse, viral infection can potentially have large effects on food quality 
in the marine microbial food web.  
Objectives and outline of the thesis
The main aim of this thesis and underlying work was to investigate the influ-
ence of ecologically relevant environmentally variables on phytoplankton virus 
proliferation, and to understand how this relates to the physiology of the host 
(Fig. 1.1). The environmental factors were selected based on their significance 
to global climate change-induced alterations of the marine environment. 
The thesis can roughly be divided into four objectives:
 ▪ The influence of nutrient limitation (particularly P-limitation) on the pro-
liferation of phytoplankton viruses and how the observed effects relate to 
host growth and physiology.
 ▪ Potential cumulative effects on phytoplankton host-virus interactions, i.e. 
P-limitation with elevated pCO2, relatively high and low light level, and N-
limitation. 
 ▪ The effect of P-source, i.e. SRP and SNP, on virus growth characteristics. 
 ▪ The potential role of intact polar lipids (IPLs) and associated fatty acids 
(FAs) in the response of the phytoplankton host to these environmental 
factors and to viral infection.
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Chapter 2 of this thesis describes the simultaneous effects of elevat-
ed pCO2 and P-limitation on phytoplankton growth and production and the 
proliferation of host specific lytic viruses. Experiments are carried out with 
the picoeukaryote Micromonas pusilla, as this size class of phytoplankton is 
expected to become more important in the future oceans (Finkel et al. 2010). 
Cells were cultured in P-limited chemostats at different levels of limitation, i.e. 
grown at near µmax and 0.32 µmax and aerated with pCO2 that represented pres-
ent day and future (year 2100) ocean conditions. During steady state, host cell 
physiology was studied and subsequently the cultures were infected with lytic 
viruses to study the virus growth curves and quantify viral latent periods and 
burst sizes under these conditions.
In Chapter 3 the possible effects of elevated CO2 and P-limitation on 
non-infected and virally infected Micromonas pusilla are studied with regard to 
host IPL composition (with emphasis on the phospholipids). As the virus itself, 
Figure 1.1 This thesis aims to study whether virus (blue hexagons) proliferation is affected 
by light (yellow sun symbol), dissolved inorganic carbon concentrations (DIC), phosphorus (P) 
and nitrogen (N) availability, and P-source (SRP, SNP). The availability of P and N might have 
a direct effect on viruses (black line) by simply reducing the availability of elemental building 
blocks for virus synthesis (e.g. N and P for viral nucleic acids). However, they may also influ-
ence viral production indirectly by inhibiting host photosynthesis, enzymatic activity and/ 
or energy availability (black dashed lines). Nutrient limitation may affect the concentrations 
of enzymes and energy carriers (e.g. polymerase and ATP, respectively), while light and DIC 
availability may affect host photosynthesis, on which many algal viruses are dependent. Fur-
thermore, high pCO2 (low pH) and light levels are also found to inhibit phytoplankton growth 
and physiology (cell stress) and hence possibly reduce virus proliferation. Intact polar lipids 
(IPLs) and associated fatty acids (FAs; blue dashed lines) are possibly important in both the 
host response to nutrient limitation (part of photosynthetic membranes) and the interaction 
with viruses (part of cell and virus capsid membranes).
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MpV-08T has a lipid membrane as well, its IPL composition was also analyzed 
and compared to the host.
In Chapter 4 the influence of viral infection on host IPL composition 
was studied further for the prymnesiophyte Phaeocystis globosa, whereby the 
host IPL make-up was also compared to that of its virus PgV-07T. A high prior-
ity was given to detect viral glycosphingolipids that have been found to play an 
essential role in the lysis process of the virus EhV infecting prymnesiophyte 
Emiliania huxleyi.
Following the analysis of IPLs of P. globosa and its lytic virus PgV-07T, 
Chapter 5 describes how IPL bound fatty acids (IPL-FAs) changed during the 
viral infection process and shows the compositional differences of these IPL-
FAs between host and virus. The make-up of FAs, especially the amount of 
polyunsaturated fatty acids, largely determines the nutritional value of phy-
toplankton for grazers (Guschina & Harwood 2009). Such information could 
yield insights into how viruses can influence food web dynamics, by changing 
the transfer of nutritious compounds to higher trophic levels. 
In Chapter 6 the possible cumulative effects of P-limitation with high- 
and low light availability on viral proliferation are investigated in M. pusilla 
and, as larger phytoplankton species might be more vulnerable to resource 
limitation, in the nanoeukaryote P. globosa as well. The phytoplankton cul-
tures, physiologically acclimated to the ruling P- and light conditions, were 
infected with their respective lytic viruses, allowing the quantification of virus 
growth parameters.
Phosphorus has been seen as the most important macronutrient for 
phytoplankton viruses, because of their relatively high nucleic acid to protein 
ratio, compared to their host. This implies that the impact of viruses on the 
mortality of natural phytoplankton populations would be lower in P-limited 
marine waters than N-limited ones. In Chapter 7 we studied the effects of N- 
and NP-limitation versus P-limitation on viral proliferation in M. pusilla and P. 
globosa. Cell physiology was monitored under their respective limitations and 
cultures were infected with their respective viruses.
Finally, in Chapter 8 M. pusilla was investigated to ascertain its ability 
to uptake P during the viral infection cycle, and utilize this for viral production 
(i.e. increases in viral burst size). These experiments were carried out with 
SRP (simulating P-supply by remineralization) and different SNP compounds. 
Cells were grown in P-limited chemostats as in Chapter 2, but infected cells 
were subsequently spiked with small pulses of P allowing similar growth rates 
(i.e. 0.97 and 0.32 µmax) until the end of the lytic cycle.
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Elevated carbon dioxide and 
phosphorus limitation favor 
Micromonas pusilla through 
stimulated growth and reduced 
viral impact
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2Abstract
Growth and viral infection of the marine picoeukaryote Micromonas pusilla was 
studied under a future-ocean scenario of elevated partial CO2 (pCO2; 750 µatm 
versus the present-day 370 µatm) and simultaneous limitation of phosphorus 
(P). Independent of the pCO2 level, the ratios of M. pusilla cellular carbon (C) 
to nitrogen (N), C:P and N:P, increased with increasing P stress. Furthermore, 
in the P-limited chemostats at growth rates of 0.32 and 0.97 of the maximum 
growth rate (µmax), the supply of elevated pCO2 led to an additional rise in cellu-
lar C:N and C:P ratios, as well as a 1.4-fold increase in M. pusilla abundance.
Viral lysis was not affected by pCO2, but P limitation led to a 150% 
prolongation of the latent period (6 to 12 h) and an 80% reduction in viral 
burst sizes (63 viruses per cell) compared to P-replete conditions (4 to 8 h 
latent period and burst size of 320). Growth at 0.32 µmax further prolonged the 
latent period by another 150% (12 to 18 h). Thus, enhanced P stress due to 
climate change-induced strengthened vertical stratification can be expected 
to lead to reduced and delayed virus production in picoeukaryotes. This effect 
is tempered, but likely not counteracted, by the increase in cell abundance 
under elevated pCO2. Although the influence of potential P-limitation-relieving 
factors, such as the uptake of organic P and P utilization during infection, is 
unclear, our current results suggest that when P limitation prevails in future 
oceans, picoeukaryotes and grazing will be favored over larger-sized phyto-
plankton and viral lysis, with increased matter and nutrient flow to higher 
trophic levels.
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2Introduction 
Anthropogenic CO2 emissions are expected to lead to a doubling of the ~390 
µatm present-day partial CO2 (pCO2) pressure by the year 2100 (Meehl et al. 
2007). A large part of this CO2 will be taken up by the world’s oceans, where 
it will lead to a decrease in pH and a shift in carbon speciation (Sabine et 
al. 2004). These changes are expected to have consequent effects on marine 
photoautotrophs, which depend on dissolved inorganic carbon (DIC) for their 
photosynthesis. Thus far, studies on the effects of elevated pCO2 on phyto-
plankton have shown divergent outcomes, ranging from no effects to changes 
in growth rate, primary production, and elemental stoichiometry (Riebesell & 
Tortell 2001). The effects of elevated pCO2 on diatoms, coccolithophores, and 
cyanobacteria have been studied in the laboratory in greater detail, but to our 
knowledge there is only one other study in which the effects of elevated pCO2 
on picoeukaryotes was studied in the laboratory under well-controlled con-
ditions (Schaum et al. 2012). It has been hypothesized that diffusion of CO2 
typically is not expected to limit photosynthesis in the very-small-sized phyto-
plankton (Giordano et al. 2005). However, carbon-concentrating mechanisms 
were identified in the genome of the picophytoplankter Micromonas pusilla 
(Worden et al 2009). An extensive experiment in the Arctic by Brussaard et al. 
(2013), comprising 9 mesocosms with a pCO2 increasing from 180 to 1,100 
µatm, showed a significant increase in the abundance of picoeukaryotic pho-
toautotrophs with CO2 concentration. An increase of picoeukaryotic Micromo-
nas-like cells was also observed in a nutrient replete mesocosm study under 
elevated pCO2 (Engel et al. 2008). More recently, during a similar mesocosm 
experiment in the same Norwegian fjord, an increase in form 1B rbcL sequen-
ces similar to that of Micromonas spp. was observed (Meakin & Wyman 2011).
Micromonas pusilla is an important member of the picophytoplankton 
community worldwide and is found from coastal to oceanic ecosystems and 
from the poles to the equator (Not et al. 2004, Slapeta et al. 2006). This pra-
sinophyte is readily infected by viruses, and viral lysis is an important loss 
factor for this species (Mayer 1977, Cotrell & Suttle 1995). The importance of 
viruses in structuring marine microbial communities and as drivers of bio-
geochemical cycles has well been recognized (Hennes et al. 1995, Wilhelm 
& Suttle 1999, Suttle 2007, Brussaard et al. 2008); however, only a limited 
number of studies have actually focused on the effects of growth-limiting fac-
tors on algal host-virus interactions (Bratbak et al.  1993, Wilson et al. 1996, 
Bratbak et al. 1998, Clasen & Elser 2007, Baudoux & Brussaard 2008). An 
important macronutrient often limiting phytoplankton growth in many eco-
systems worldwide is phosphorus (P; Dyhrman 2007). In addition, P limitation 
is suggested to be particularly important for viral replication due to the rel-
atively low C:P ratios of viruses compared to those of their hosts (Bratbak et 
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2al. 1993). P depletion has been reported to induce lysogeny in Synechococcus 
sp. strain WH7803 and reduce virus production for viruses infecting Emiliania 
huxleyi, Phaeocystis pouchetii, and Chlorella sp. strain NC64A (Bratbak et al. 
1993, Bratbak et al. 1998, Clasen & Elser 2007). To our knowledge, no data 
are available for picoeukaryotes that are theoretically better adapted to low 
nutrient availability than larger phytoplankton species (Raven 1998). Global 
climate change-induced warming of the ocean surface will strengthen vertical 
stratification in large parts of the world’s oceans and enhance nutrient limita-
tion for phytoplankton growth (Sarmiento et al. 2004, Behrenfeld et al. 2006). 
Under such conditions, viruses would have an even more critical function as 
drivers of microbial activity and nutrient recycling.
In the present study, we investigated the simultaneous effects of elevat-
ed pCO2 and P limitation on M. pusilla growth characteristics and its interac-
tion with a lytic M. pusilla virus (MpV). Axenic cultures of M. pusilla were sub-
jected to present-day and future pCO2 levels by constant aeration of synthetic 
air. P-limiting growth (0.32 and 0.97 of the maximum growth rate [µmax]) was 
derived by chemostat culturing, in which the continuous inflow rate of P-lim-
ited medium determined the growth rate of the phytoplankton cells and forced 
the cells into a steady physiological condition. At steady state, cultures were 
sampled for growth characteristics in the period preceding the viral infection 
experiments. P-replete cultures at 1.0 µmax were used as a reference.
Materials and Methods
Culturing and experimental setup
Axenic cultures of the prasinophyte Micromonas pusilla (Mp-Lac38; Marine 
Research Center culture collection, Göteborg University) and viral lysate of the 
double-stranded DNA (dsDNA) M. pusilla virus MpV-08T (NIOZ Culture Collec-
tion, The Netherlands) were used. Axenic lysate of MpV-08T was prepared by 
three infection cycles using algal host grown at the specific culture conditions 
(i.e., P limited or P replete). The infectivity of MpV, as tested by MPN endpoint 
dilution (Suttle 1993), was 100%; thus, it was not affected by P or pCO2 treat-
ment. Axenity of the algal cultures and viral lysate were checked by epifluores-
cence microscopy using the nucleic acid stain 4’,6-diamidino-2-phenylindole 
(DAPI; Life Technologies Ltd., Paisley, United Kingdom). At all times during the 
experiment the cultures were axenic. 
M. pusilla was grown in 5-liter borosilicate chemostat culture vessels 
with P as the algal growth-limiting nutrient and with water jackets connected 
to a water bath (Lauda Ecoline StarEdition RE104; Lauda, Königshofen, Ger-
many) to keep the temperature at 15°C. The cultures were stirred by a glass 
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2clapper above a magnetic stirrer, moving at 15 rpm. Irradiance at 100 µmol 
quanta m-2 s-1 was supplied by 18W/965 Osram daylight-spectrum fluores-
cent tubes (Munich, Germany) in a light:dark cycle of 16:8 h. The cultures 
were grown in filtered (0.1-µm polyethersulfone membrane filter; Sartopore 
Midicap; Sartorius A.G., Goettingen, Germany) f/2 medium (Guillard & Ry-
ther 1962) that was modified to contain 0.25 µM Na2HPO4, 40 µM NaNO3, 
and 0.01 µM Na2SeO3 (Cottrell & Suttle 1991). Algal growth rates were set by 
the dilution rate (continuous inflow of medium and similar rate of outflow of 
culture), i.e., 0.97 µmax and 0.32 µmax, where µmax=0.72 day
-1. Duplicate cul-
tures were maintained for each treatment. The duplicate P-replete cultures 
were grown semicontinuously at 1.0 µmax (keeping the algal abundance around 
5.5×106 ml-1 by daily dilution) in similar 5-liter culture vessels and culture 
conditions, with the medium modified to contain 36 µM Na2HPO4 and 882 µM 
NaNO3.
Before being added to the algal cultures, all media were equilibrated 
to the appropriate pCO2 by aeration with synthetic air with either 370 or 750 
µatm CO2 (Messer B.V. Moerdijk, Netherlands). Additionally, the algal cultures 
received similar aeration with synthetic air at approximately 2.5 liters h-1 us-
ing glass bubble stones. Aeration was chosen as the closest representative 
of DIC supply in simulating natural conditions compared to other methods 
(Schulz et al. 2009, Hoogstraten et al. 2012). The pCO2 from the vessel air 
outlets was continuously analyzed by infrared CO2 probes (Vaisala Carbocap 
carbon dioxide probe GMP343; Vantaa, Finland) to allow adaptation of the 
aeration rate if necessary. During the viral infection experiments, aeration 
continued at identical rates. 
The cultures were considered to be at steady state after at least 5 vol-
ume changes with constant algal abundances for more than 28 days. Sam-
pling at steady state was performed approximately 3 h into the light period. 
Cultures were sampled for dissolved inorganic carbon (DIC), total alkalinity 
(AT), dissolved inorganic phosphate (DIP), algal and viral abundance, flow-cy-
tometric characteristics, photosynthetic capacity, alkaline phosphatase activ-
ity (APA), net primary production (NPP), pigment composition, and particulate 
organic carbon (POC) and nitrogen (PON). 
For the viral infection experiments, the 5-liter cultures at steady state 
were infected 3 h into the light period with MpV-08T at a virus-to-algal host 
ratio of 10 to allow one-step infection. At the moment of infection the medium 
pumps were stopped, while aeration continued to maintain the specific pCO2 
supply throughout the viral infection experiment. The non-infected control 
cultures received filtered (0.2-µm-pore-size cellulose acetate; Sartorius A.G., 
Goettingen, Germany), autoclaved seawater at the same volume. Cultures 
were sampled for DIC (days 1 and 3), DIP, algal and viral abundances, flow-cy-
tometric characteristics, and NPP (once a day). The viral infection experiments 
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2using P-limited chemostats at 370 and 750 µatm were repeated (9 months be-
tween experiments) for viral and algal abundances but unfortunately failed for 
the 0.97 µmax growth condition due to technical reasons. The 0.32 µmax culture 
replicates were very similar, with low standard deviations and identical latent 
period and burst size (62 ± 2).
Algal and viral abundances
Samples for algal and viral counts were analyzed by flow cytometry (Marie et 
al. 1999, Brussaard 2004). In short, 1-ml samples of M. pusilla were counted 
fresh using a BD Accuri C6 cytometer (BD Biosciences, San Jose, CA), with 
the trigger on chlorophyll red autofluorescence. Virus samples were fixed with 
25% gluteraldehyde (electron microscopy [EM]grade; 0.5% final concentrati-
on; Sigma-Aldrich, St. Louis, MO, USA), incubated for 30 min at 4°C, flash fro-
zen in liquid nitrogen, and stored at -80°C until analysis. Upon thawing, the 
samples were diluted 100- to 1000-fold in filtered (0.2-µm pore size; FP 30/0.2 
CA-S; Whatman, Dasser, Germany) Tris-EDTA buffer (pH 8) and stained with 
SYBR green I to a final concentration of 0.5×10-4 of the commercial stock (Life 
Technologies Ltd., Paisley, United Kingdom) for 10 min at 80°C. Sample ana-
lysis was carried out on a benchtop BD FACSCalibur (BD Biosciences, San 
Jose, CA, USA) with a 488-nm argon laser with the trigger set on green fluo-
rescence. Flow cytometry behavior was tested using BD Trucount tubes (BD 
Biosciences, San Jose, CA, USA), and flow rates were determined by weight 
measurements according to Marie et al. (1999). All flow cytometry data were 
analyzed using CYTOWIN 4.31 (Vaulot 1989). The viral burst sizes were sub-
sequently calculated by dividing the number of newly produced viruses by the 
number of host cells that lysed. 
Chemical analyses
To determine the inorganic carbon concentrations and speciations in the cul-
tures, 250-ml samples were fixed with 50 µl saturated HgCl2 solution and 
stored in the dark at 15°C until analysis (Dickson & Goyet 1994, Dickson et 
al. 2007). DIC and AT subsequently were determined by a Vindta 3C (versatile 
instrument for the determination of total inorganic carbon and titration alka-
linity; Marianda, Germany). Certified reference material (CRM) was included 
in the measurements (Dickson et al. 2007). Culture CO2 concentrations were 
calculated from DIC and AT using the program CO2sys (Lewis et al. 1998), ap-
plying the equilibrium constants of Mehrbach et al. (1973) and Dickson and 
Millero (1987) and accounting for salinity and inorganic phosphorus concen-
trations. Table 2.1 shows the resultant pCO2, DIC, AT, and pH in the cultures. 
The resultant pCO2 in the culture vessels at steady state was constant but 
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2reduced compared to the input level (370 and 750 µatm) as a consequence of 
cellular uptake (Takahashi et al. 2002). However, increasing the aeration rate 
even more to compensate for the high uptake was not possible due to inhibi-
ting effects on M. pusilla growth. pCO2 (P<0.001; Kruskall-Wallis), DIC, and 
pH (P<0.001 for both parameters; 2-way analysis of variance [ANOVA]) showed 
a statistically significant difference between the present-day and future treat-
ments. Within each pCO2 treatment, total DIC did not differ between the 0.32 
and 0.97 µmax P treatments (P=0.065) but was slightly higher for the P-replete 
treatments (P<0.001). This coincided with a higher alkalinity for this treat-
ment (P<0.001), which was a direct result of phosphate dissolution. Within 
the P-limited cultures, alkalinity was not significantly affected by growth rate 
or pCO2 treatment. Moreover, during the viral infection experiment the pCO2 
in the culture medium was comparable to that in the steady state, on average 
229 (±17) and 435 (±41) for present-day and future pCO2, respectively. 
DIP was determined colorimetrically as described by Hansen and 
Koroleff (1999), with a lower limit of detection of 0.02 µM. Samples were fil-
tered (0.2 µm; FP 30/0.2 CA-S; Whatman, Dasser, Germany) into clean screw-
cap vials and stored at -20°C until analysis. DIP concentrations remaining in 
the culture medium at chemostat steady states were at the detection limit, 
i.e., as low as 0.023 (±0.004) µM for all culture vessels and considered zero. 
As expected, the P-replete semicontinuous cultures still had high DIP concen-
trations of 30.5 ± 0.8 µM left at steady state. Dissolved inorganic nitrate con-
centrations at steady state were above 20 µM at all times for the infected and 
noninfected cultures under both P-replete and P-limiting conditions.
As a direct indicator of P limitation, APA was determined fluorometrical-
ly according to the method of Perry (1972). To a glass cuvette with 2 ml of cul-
ture, 3-O-methylfluorescein phosphate (MFP; Sigma-Aldrich, St. Louis, MO, 
Table 2.1 Steady-state averages of culture pCO2, DIC, AT and pH after cellular uptake of 
inorganic carbona.
pCO2 input (µatm) 
and P level
pCO2 
(µatm)
DIC 
(µmol kg-1)
AT 
(µmol kg-1)
pH
370
0.32 µmax 291 ± 37 2103 ± 10 2450 ± 24 8.10 ± 0.01
0.97 µmax 256 ± 15 2079 ± 5 2451 ± 36 8.17 ± 0.04
P replete 207 ± 16 2175 ± 21 2695 ± 19 8.23 ± 0.03
750
0.32 µmax 510 ± 36 2235 ± 3 2471 ± 13 7.93 ± 0.02
0.97 µmax 459 ± 25 2210 ± 10 2465 ± 18 7.92 ± 0.01
P replete 420 ± 35 2315 ± 25 2655 ± 30 8.02 ± 0.03
a Cellular uptake of inorganic carbon was supplied by aeration, and the input of medium 
was equilibrated to 370 and 750 µatm CO2. Results are averages ± SE.
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2USA) was added to a final concentration of 595 µM. Emission at 510 nm was 
measured on a Hitachi F2500 fluorescence spectrophotometer (Tokyo, Japan) 
for 60 s at an excitation wavelength of 430 nm. The rate of MFP conversion 
was determined by comparing the values to a standard curve of 3-O-methyl-
fluorescein (Sigma-Aldrich, St. Louis, MO, USA).
The particulate organic fractions of algal carbon (POC) and nitrogen 
(PON) were obtained on precombusted (4 h at 450°C) and preweighed 25-mm 
Whatman GF/F filters (Maidstone, Kent, United Kingdom) in triplicate. After 
storage at -20°C, the filters were weighed again, folded into tin (Sn) cups, and 
analyzed using a Thermo-Interscience Flash EA1112 series elemental analyz-
er (Waltham, MA, USA) (Verardo et al. 1990). Particulate organic phosphorus 
(POP) was calculated as the difference between DIP from the medium and the 
culture. 
Photosynthetic capacity of the M. pusilla cells was determined by PAM 
fluorometry (Water-PAM, Walz, Germany). After a 20-min dark incubation, the 
F0 and Fm chlorophyll a autofluorescence levels were determined and used 
to calculate the maximal photosynthetic efficiency as Fv/Fm, where Fv is the 
variable fluorescence and equals Fm minus F0 (Genty et al. 1989).
NPP was determined by the uptake of radiolabeled bicarbonate. Sixty 
ml of culture (2 duplicates, 1 dark control) was spiked with 10 µCi of Na2H-
14CO3 (specific activity, 2 mCi mmol
-1; Amersham) and incubated for 3 h on an 
incubation wheel at 3 rpm under growth conditions similar to those used for 
the cultures but without separate pCO2 treatment. Upon incubation, bottles 
were moved to the dark and directly filtered through a 47-mm Whatman GF/F 
filter (Maidstone, Kent, United Kingdom). The filters were then fumed above 
30% HCl for 2 h to remove the remaining 14C and stored in scintillation vials 
at -20°C. Twenty-four hours before analysis using a Tri-carb 2300 TR scintil-
lation analyzer (Packard Instrument Company, LaGrange, IL, USA), 20 ml of 
scintillation cocktail (Filter-Count; PerkinElmer, Waltham, MA) was added to 
the filter. Total primary production was calculated as ΔC = (sa × DIC × 1.06)/
(aa × t), whereby ΔC is the carbon uptake rate (µmol C h-1), sa is the sample 
activity (disintegrations per minute [DPM]), 1.06 is the isotope effect constant, 
aa is the added activity (DPM), and t is the incubation time (in hours) (Stee-
man-Nielsen 1952). 
Pigment analysis on 50 ml GF/F-filtered (Maidstone, Kent, United King-
dom) frozen samples was performed by high-performance liquid chromatog-
raphy (HPLC). This was carried out on a Dionex HPLC system equipped with 
a C8 separation column (Luna 3µC8100A; 100 by 4.6 mm; Phenomenex, Tor-
rance, CA, USA). Pigment extraction took place in 4 ml methanol using glass 
pearls in a CO2-cooled Braun (Melsungen, Germany Germany) homogenizer. 
Pigments were detected at 437 nm with a Dionex photo diode array detector. 
The solvents were used according to Zapata et al. (2000), and pigment stan-
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2dards were obtained from DHI (Hørsholm, Denmark). The individual pigment 
concentrations where then used to calculate the level of Chl a/cell, the Chl a/
Chl b ratio, and the epoxidation state of the xanthophyll pigments [violaxan-
thin/(lutein zeaxanthin)] as indicators of nutrient stress (Geider et al. 1993).
Statistical analysis
Using Sigmaplot 12.0 (Systat Software Inc., Chicago, IL, USA), two-way ANO-
VAs were carried out to determine the differences between the three phosphate 
and two pCO2 treatment groups. When the assumptions for ANOVA could not 
be met in this way, nonparametric Kruskal-Wallis tests or one-way ANOVAs 
were carried out for each treatment group. Sample sizes (n=4 to 6) for steady-
state measurements are the results of duplicate vessels and the number of 
sampling days. A significance level of 0.05 was used, normality was verified 
by a Shapiro-Wilk test, and equal variances were verified by a Bartlett’s test. 
Values in tables and the text are given as means ± standard errors (SE).
Results
Steady-state algal physiology
Chemostat preculturing forced M. pusilla cells to be in a steady physiologi-
cal growth phase under different degrees of P limitation (0.32 and 0.97 µmax). 
Steady-state physiological and stoichiometric values are depicted in Table 2.2 
(see Table 2.S2 in the Supporting information for p-values). M. pusilla abun-
dance in the P-limited chemostats was 1.4-fold higher under future pCO2 than 
under present-day pCO2 values (P<0.001; Kruskal-Wallis). 
No significant differences in cell abundance could be observed be-
tween the 0.32  and 0.97 µmax cultures. Flow-cytometric cellular characteris-
tics showed increasing forward scatter (FSC) with the degree of P limitation 
(P<0.001); this was not significantly affected by pCO2 treatment. Chlorophyll 
a red autofluorescence per cell (RFL) of the 0.97 µmax P-limited cultures was 
lowest and was statistically different (P<0.001) from the 0.32 µmax and P-re-
plete treatments. However, this was not reflected in the cellular Chl a content, 
where the values for 0.32 and 0.97 µmax P-limited cultures did not differ sig-
nificantly and were 2-fold lower than those for the P-replete ones (P<0.001). 
The epoxidation state of the xanthophyll pigments of the 0.32 µmax P-limited 
cells was about 2-fold lower than that of the 0.97 µmax P-limited and P-replete 
cells (P=0.024). The Fv/Fm ratio did show significant differences between all 
P treatments (P<0.001), increasing from 0.32 µmax P limited to P replete, and 
the same pattern was encountered for the Chl a/Chl b ratio (P = 0.013). None 
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2of these cellular photophysiological characteristics was significantly affected 
by pCO2 treatment. 
The alterations in (photo)physiology were reflected in the cellular NPP, 
with the 0.32  and 0.97 µmax cultures showing a reduction of 70 and 44%, 
respectively, compared to the P-replete cultures. NPP was not significantly 
affected by pCO2 (P=660). APA per cell was, on average, 3.8-fold higher for the 
0.32 µmax than for the 0.97 µmax P-limited chemostat cultures (P < 0.001) and 
was independent of pCO2 (P=0.066). The P-replete treatment showed no APA, 
in agreement with the high inorganic P concentration in these cultures. 
The pCO2 treatment significantly affected the cellular C:N and C:P ratios 
of the P-limited cultures, which were both higher under future pCO2 (P=0.002 
and P<0.001, respectively). No interaction effects between pCO2 and P treat-
ment on these ratios were found. The changes in C:N and C:P in the P-limited 
cultures likely are due to both an increase in cellular POC and a concomitant 
decrease in cellular PON and POP under future pCO2, but separately no sta-
tistically significant differences could be observed. 
Considering the P treatments, cellular POC was significantly lower 
(P=0.003) for the 0.97 µmax P-limited treatment than the 0.32 µmax and P-replete 
Table 2.2  Steady-state algal characteristics under present-day and future pCO2
Present day (370 µatm) Future (750 µatm)
Algal characteristica 0.32 µmax 0.97 µmax P replete 0.32 µmax 0.97 µmax P replete
M. pusilla (×105 ml-1) 8.1 ± 0.0 7.8 ± 0.0 5.4 ± 0.1 11.1 ± 0.5 10.8 ± 0.2 5.5 ± 0.2
FSC (RU) 1.00 ± 0.0 0.56 ± 0.0 0.46 ± 0.0 0.99 ± 0.0 0.57 ± 0.0 0.45 ± 0.0
RFL (RU) 1.0 ± 0.0 0.8 ± 0.0 1.1 ± 0.0 1.0 ± 0.0 0.8 ± 0.0 1.1 ± 0.0
Fv/Fm (RU) 0.49 ± 0.0 0.61 ± 0.0 0.66 ± 0.0 0.49 ± 0.0 0.62 ± 0.0 0.66 ± 0.0
Chl a (fg cell-1) 9.76 ± 0.3 9.90 ± 0.3 21.5 ± 1.0 10.3 ± 0.2 10.4 ± 0.7 20.5 ± 2.3
Epoxidation state 1.8 ± 0.2 3.5 ± 0.1 3.2 ± 0.5 1.7 ± 0.4 3.0 ± 1.2 3.1 ± 0.0
Chl a/ Chl b 0.95 ± 0.0 1.0 ± 0.0 1.2 ± 0.0 0.91 ± 0.0 1.1 ± 0.0 1.2 ± 0.0
NPP (pmol C cell-1 h-1) 1.43 ± 0.17 2.33 ± 0.17 3.77 ± 0.11 1.49 ± 0.24 2.34 ± 0.20 3.84 ± 0.21
APA (amol cell-1 s-1) 29.1 ± 0.14 8.38 ± 0.1 0.0 24.5 ± 0.29 5.61 ± 0.10 0.0
POC (fmol cell-1) 224 ± 1.2 146 ± 6.9 257 ± 6.9 241 ± 5.8 166 ± 8.1 246 ± 12.7
PON (fmol cell-1) 23.2 ± 3.3 14.8 ± 3.5 36.6 ± 2.2 16.5 ± 0.34 13.5 ± 0.34 33.9 ± 2.0
POP (fmol cell-1) 0.16 ± 0.0 0.18 ± 0.0 8.7 ± 0.84 0.12 ± 0.0 0.13 ± 0.0 8.0 ± 1.2
C:N 11  ± 0.5 9.3 ± 0.2 7.2 ± 0.3 15 ± 0.2 12 ± 0.3 7.5 ± 0.3
C:P 1401 ± 8.1 823.8 ± 19 30.65 ± 1.3 2227 ± 75 1347 ± 51 33.01 ± 2.6
N:P 145 ± 9 83.2 ± 2 4.53 ± 0.1 151 ± 5 105 ± 3 4.50 ± 0.3
a Algal characteristics included M. pusilla cell abundance, forward scatter (FSC), chloro-
phyll a red autofluorescence (RFL), photosynthetic efficiency (Fv/Fm), chlorophyll a (Chl 
a) level, epoxidation state, Chl a/Chl b ratio, net primary production (NPP), alkaline phos-
phatase activity (APA), cellular carbon (POC), cellular nitrogen (PON), cellular phosphorus 
(POP), and cellular carbon:nitrogen (C:N), carbon:phosphorus (C:P), and nitrogen:phos-
phorus (N:P) ratios. Note that the algal abundances of the P-replete semicontinuous cul-
tures should not be compared to the abundances of the P-limited chemostat cultures due 
to differences in culturing methods. RU, relative units. Results are averages ± SE.
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2treatments. No significant pattern was observed for PON. Cellular PON and 
POP of both P-limited cultures were significantly different from the those of the 
P-replete ones (P≤0.003 and P<0.05 for PON and POP, respectively). The C:N, 
C:P, and N:P ratios all were lower under P-limiting than under P-replete con-
ditions (P<0.05), where the C:P ratio was significantly affected by the growth 
rate (0.32 versus 0.97 µmax).
Viral infection experiments 
Viral infection resulted in full cell lysis for all cultures except the noninfected 
ones (Fig. 2.1). The onset of algal cell lysis upon viral infection of the P-limited 
cultures was delayed by approximately a day compared to the P-replete cul-
tures (Fig. 2.1B). In the infected cultures, NPP was maintained far into the 
viral growth cycle (Fig. 2.2), although, compared to the noninfected controls, 
it was strongly reduced by viral infection under both pCO2 treatments. The ad-
ditional decrease in time of the noninfected controls was due to increasing P 
stress (Fig. 2). In concordance with the delayed algal host cell lysis, the release 
of progeny viruses appeared later and at a lower rate under P limitation than 
P-replete conditions (Fig. 2.3). The latent period was prolonged up to 3-fold 
under P limitation and was related to the extent of P depletion, i.e., 4 to 8, 6 
to 12, and 12 to 18 h for P-replete, 0.97 µmax, and 0.32 µmax treatments, res-
pectively. P limitation resulted in a 5-fold lower burst size compared to that of 
P-replete growth conditions for the algal host (63 ±2 and 320 ±7, respectively). 
Neither the degree of P limitation nor pCO2 levels significantly affected the 
viral burst sizes in the P-limited cultures. 
Discussion
M. pusilla in the future ocean
Present and future ocean pCO2 conditions (370 and 750 µatm CO2, respecti-
vely) were simulated by the addition of equilibrated medium and synthetic air 
to the M. pusilla cultures. Due to uptake of DIC by the algal cells, the resulting 
ambient pCO2 in the cultures was lower than the set point. Increasing the 
aeration rate to compensate for the high DIC uptake by the algae was not pos-
sible due to the inhibiting effect on M. pusilla growth. A reduction of the cell 
abundances may have overcome the reduction of pCO2 in the cultures com-
pared to the set point but was not a desired setup for the viral infection ex-
periments. Small variations in the culture pCO2 within P treatments were the 
result of differential DIC uptake by the P-replete and 0.97 µmax and 0.32 µmax 
P-limited cultures and illustrate the differences in physiology between these 
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2Figure 2.1 Algal temporal dynamics of the viral infection experiment. Micromonas pusilla in 
noninfected cultures (A) and in virally infected cultures (B). Filled symbols represent present-
day (370 µatm) pCO2, and open symbols represent future (750 µatm) pCO2. Circles represent 
0.32 µmax P-limited cultures, triangles 0.97 µmax P-limited cultures, and squares P-replete cul-
tures. Abundances are normalized to the start of the experiment (T0). Gray bars represent the 
dark period (night). Note that the noninfected P-replete present and future pCO2 treatments 
(A) fall on top of each other. Note the log scale on the y axis. The 0.32 µmax cultures are avera-
ges from duplicate cultures.
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2Figure 2.2 Net primary production (NPP) at 4, 28, and 52 h postinfection for the noninfected 
controls (A) and infected cultures (B). The legend shows the different colors for 0.32 µmax and 
0.97 µmax P-limited as well as present-day (370 µatm) and future (750 µatm) treatments. T is 
the median time of a 3-h incubation period. The error bars are of triplicate NPP incubations.
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2cultures. Correcting for this by supplying differential pCO2 would, however, 
affect the uptake and growth rates of the algal cultures, potentially influencing 
the virus-host interactions under study. In contrast to some studies maintai-
ning the set point pCO2 in the cultures (Borchard et al. 2011, McCarthy et al. 
2012), our approach focused on supplying CO2 as it is supplied under natural 
conditions. Similar reductions in pCO2 have been observed in nature (Taka-
hashi et al. 2002, Schulz et al. 2012). In order to keep the pCO2 in the culture 
at the specific set points, however, higher DIC concentrations may have to be 
supplied than those experienced by the algae under natural present-day and 
future (simulating year 2100) conditions, with resultantly likely unrealistic ef-
fects on algal abundance and C:N:P ratios (this study). The most pronounced 
effect of elevated pCO2, representing the predicted conditions of the year 2100 
(Meehl et al. 2007), was the 1.4-fold increase in M. pusilla abundance under 
P-limiting conditions. To our knowledge, there is only one other example of a 
similar response of a marine photoautotroph to such conditions, i.e., the hap-
tophyte Emiliania huxleyi grown in P-controlled chemostats at a growth rate of 
0.1 and 0.3 µmax and at 900-µatm pCO2 (Borchard et al. 2011). In this study, 
the increase in cell abundance was accompanied by a 22% reduction in cell 
Figure 2.3 Temporal dynamics of Micromonas pusilla virus (MpV). Filled symbols represent 
present-day (370 µatm) pCO2, and open symbols represent future (750 µatm) pCO2. Circles re-
present 0.32 µmax P-limited (0.32) algal cultures, triangles represent 0.97 µmax P-limited (0.97) 
cultures, and squares represent P-replete cultures (P-rep). Abundances are normalized to the 
start of the experiment (T0). Gray bars represent the dark period (night). Note the log scale on 
the y axis. The 0.32 µmax cultures are averages from duplicate cultures.
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2volume compared to the present day pCO2 values. However, in our study, the 
FSC of M. pusilla, which may be used as an indicator of cell size (DuRand et 
al. 2002), did not show significant differences between the pCO2 treatments. 
The increased abundances of M. pusilla under high pCO2 and P-limiting condi-
tions in our study were accompanied by higher ratios of cellular C:N and C:P. 
A similar decoupling of the uptake of C, N, and P under P limitation has been 
described by several authors (Sakshaug & Holmhansen 1977, Beardall et al. 
1998, Reinfelder 2012), where the enhanced cellular C:N and C:P ratios were a 
combination of increased POC and decreased PON and POP. Under P-limiting 
conditions, the demand for M. pusilla for both P and N seems to decline under 
high pCO2, leading to increased abundances and cellular C:N and C:P ratios. 
In earlier studies, these kinds of changes in N and P demand relating to pCO2 
were suggested to be the result of a reduced necessity of elements involved in 
carbon fixation (Beardall et al. 1998). Under future pCO2 conditions, less N 
would be needed for proteins such as RuBisCO and carbonic anhydrase. The 
demand for P would lower because of reduced rRNA or phospholipids or a lo-
wer energy demand for the functioning of carbon-concentrating mechanisms 
(CCMs) (Beardall et al. 1998, Borchard et al. 2011, Reinfelder 2012). Intact 
polar lipid (IPL) analysis did not show a change in IPL composition between 
the pCO2 treatments in our study (data not shown). Typically, small-sized 
phytoplankton species (e.g., M. pusilla) are considered less likely to be limited 
by CO2 due to their relatively high surface-to-volume ratio and small bounda-
ry layer (Raven 1998, Finkel 2010). However, a study on M. pusilla strain 
PCC-NO27 showed activation of a CCM under low pCO2 (<100 µatm) (Iglesias-
Rodriguez et al. 1998). It might be that M. pusilla needs this mechanism only 
with these very low pCO2 values to maintain maximum growth but still invests 
in other mechanisms to increase the rate of carbon fixation at intermediate le-
vels of pCO2, i.e., higher protein and rRNA contents (Reinfelder 2012). Future 
ocean pCO2 would then reduce the necessity for those components and lead 
to higher cellular C:N and C:P ratios.
Regarding the elemental stoichiometry between the different degrees 
of P limitation, the most striking effect is the lower POC content for the 0.97 
µmax treatment than for both the 0.32 µmax and the P-replete treatments. While 
it is coherent that the 0.97 µmax P-limited culture had a lower capacity to fix 
inorganic carbon than the P-replete treatment, it seems counterintuitive that 
the 0.32 µmax culture contains an amount of cellular POC similar to that of 
the P-replete one. However, the NPP of the 0.32 µmax cultures was half that of 
the 0.97 µmax ones, while the growth of these cells was only 30% of that of the 
0.97 µmax cultures. Thus, these cells had relatively high NPP compared to the 
growth rate. Carbon fixation has been proposed to be a way to deal with excess 
energy (Norici et al. 2011). The drastic decrease in Fv/Fm, epoxidation state, 
and Chl a/Chl b ratio for the 0.32 µmax culture compared to the 0.97 µmax and 
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2the P-replete cultures is in agreement with the necessity to dissipate excess 
energy for the cells under this treatment. The negative relationship between 
the Fv/Fm ratio and the degree of P limitation was mainly caused by an in-
crease in cellular F0, as standardized to Chl a, which implies damage or inac-
tivation of photosystem II (Yamane et al. 1997). The higher RFL, independent 
of Chl a content, for the 0.32 µmax treatment confirms this. In contrast, the 
relatively high RFL under P-replete conditions can be explained by the higher 
cellular Chl a content. 
Our findings imply that M. pusilla will be competitively successful in 
the future ocean, due not only to its ability to cope with decreased pH and 
low phosphorus but probably also to the reduced necessity for components 
involved in CO2 fixation, i.e., a lower P and N demand under elevated pCO2. 
The increase of picoeukaryotes in several high-pCO2 mesocosm experiments, 
including one with an increase in Micromonas-like phylotypes (Engel et al. 
2008, Brussaard et al. 2013), might be the result of these processes. The fact 
that the changes in M. pusilla elemental stoichiometry were observed only un-
der P limitation implies that different global climate change-related processes 
can intensify the ecological or biogeochemical outcome of this pattern. These 
effects of increasing pCO2 will be particularly likely due to an earlier onset and 
increased strengthening of vertical stratification due to global climate change 
(Behrenfeld et al. 2006, Forster et al. 2007) and will largely depend on spatial 
and temporal variation in the degree of P limitation. A changing elemental 
stoichiometry in phytoplankton has been suggested to affect food quality for 
higher trophic levels and the efficiency of the biological pump (Riebesell & Tor-
tell 2011). However, these processes would additionally depend on the relative 
contribution of grazing versus viral lysis to phytoplankton mortality.
Interaction with MpV
Elevated pCO2 under P-limiting growth conditions resulted in increased C:P 
ratios of M. pusilla; however, this did not affect the virus growth cycle upon 
viral infection of M. pusilla. To our knowledge, there are only a few other stu-
dies on the effects of ocean acidification on virus-phytoplankton interactions. 
The eclipse period of cyanophage S-PM2 infecting Synechococcus sp. strain 
WH7803 increased, and the burst size decreased with decreasing pH (8, 7.6, 
and 7); however, this was most likely the result of reduced host growth rate 
with decreasing pH (Middelboe 2000, Traving et al. 2013). Another laboratory 
study showed that the initial growth rate of P. pouchetii was slightly reduced 
by elevated pCO2 (700 versus 350 µatm) without affecting the burst size of P. 
pouchetii virus (PpV01) (Carreira et al. 2013). The same authors found a 3-fold 
higher burst size of E. huxleyi virus (EhV-99B1) infecting E. huxleyi strain 
BOF under high-pCO2 conditions compared to the level at present-day pCO2; 
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2however, a similar increment in burst size was observed for the preindustrial 
CO2 level of 280 µatm. In contrast, a mesocosm study reported slightly re-
duced abundances of EhV at higher CO2 levels without significant variation 
in E. huxleyi host abundance with pCO2 (700 and 1,050 versus 350 µatm) 
(Larsen et al. 2008). At the same time, the abundance of an unidentified high-
fluorescence virus cluster (detected by flow cytometry) decreased up to 2-fold 
with increasing pCO2, while other virus clusters were unaffected by the CO2 
level. The data on this topic are still scarce and ambiguous, and more study 
is needed to allow for general conclusions on the impact of viruses on marine 
microbes, a topic of great importance in models of climate change research 
(Danovaro et al. 2011).
In contrast to pCO2, our study shows that P limitation strongly affected 
the virus growth characteristics. The latent period correlated with the level of 
P limitation (0.32, 0.97, and 1.0 µmax), and the burst size decreased by 80% 
under P-limiting conditions. P depletion has also been shown to halve the 
burst size of PpV in P. pouchetti (Bratbak et al 1998) and reduce the burst 
size of Paramecium bursaria Chlorella virus in Chlorella sp. by 90% (Clasen 
& Elser 2007). Furthermore, P-depleted blooms of E. huxleyi in mesocosms 
showed lower EhV production, most likely due to reduced burst sizes (Brat-
bak et al. 1993). Wilson and coworkers (Wilson et al. 1996) studied the effect 
of P limitation on the interaction between Synechococcus sp. strain WH7803 
and its phage S-PM2. A reduced production of phage under P starvation was 
attributed to induced pseudolysogeny rather than reduced burst size. In a P 
limited mesocosm study it was later shown that P addition indeed induced the 
lytic cycle, resulting in increased cyanophage abundances and a collapse of 
the Synechococcus sp. bloom (Wilson et al. 1998). 
Although P stress has been shown to negatively affect virus produc-
tion, to our knowledge this is the first report on a prolonged latent period 
for an algal virus. Moreover, most studies have focused on P depletion, while 
only under well-controlled P limitation (e.g., obtained by chemostat cultures 
at specific growth rates) can all host cells be maintained under the same phys-
iological conditions. The degree of P limitation substantially prolonged the 
latent period, from 4 to 8 h for the P-replete cultures to 6 to 12 h for the 0.97 
µmax P-limited cultures and 12 to 18 h for the 0.32 µmax ones. It has been pro-
posed that viral replication is particularly sensitive to P limitation due to the 
relatively low C:P ratio of viruses (Bratbak et al. 1993). Brown and colleagues 
(Brown et al. 2007) showed an apparent utilization of the host genome by 
MpV for DNA synthesis, strengthening the idea that viral replication is indeed 
rate limited by substrate. However, MpV replication has been found to halt in 
the dark (Baudoux & Brussaard 2008, Brown et al. 2007). Considering the 
importance of P in photophosphorylation and as an obligatory component in 
intracellular energy transfer and storage, MpV replication under P limitation 
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2might also be caused by reduced energy availability. The impairment of M. pu-
silla photophysiology under P limitation and the concurrent inhibiting effects 
on viral replication reported in the present study reinforce this hypothesis. 
In our study, we have created a range of conditions simulating natural 
spatial (e.g., from coast to open ocean) and temporal (e.g., from spring to sum-
mer or from mixed to vertically stratified) gradients of P availability (Dyhrman 
2007, Moore et al. 2013). With a P-replete area or season as a point of ref-
erence, first a prolongation of the latent period and then a decrease in burst 
size will be encountered when moving to more P-limited conditions. The latent 
period is further prolonged at the point in space or time where P limitation af-
fects the growth rate of the algal host. As global warming of the surface ocean 
(e.g., the north Atlantic Ocean [Polovina et al. 2008]) is expected to lead to in-
creased vertical stratification (Sarmiento 2004), P limitation will be enhanced 
due to reduced nutrient supply from deeper waters (possibly strengthened 
due to enhanced diazotroph N input [Karl 1997]). Thus, viral infection of M. 
pusilla in the future ocean is likely to be inhibited. Theoretically a lower im-
pact of viruses leads to a less regenerative system. However, to what extent the 
presence of organic phosphorus compounds, which can be up to 5 times as 
high as the soluble reactive (inorganic) phosphorus concentration in the open 
ocean (Karl & Björkman 2002), can counteract this effect is still unknown. 
Certain phytoplankton groups have been shown to be able to utilize different 
compounds, such as phosphomonoesters and nucleotides (Wang et al. 2011). 
The presence of alkaline phosphatase in M. pusilla suggests that it is able to 
assimilate certain organic phosphorus compounds. P limitation of picophoto-
autotrophs in the oligotrophic ocean then could be relieved, overcoming the 
negative effects of host P limitation on virus production. The capability of an 
infected algal host cell to assimilate P during viral proliferation remains to be 
studied, but it can be expected to have a similar countering result. In a future 
P-limited ocean, the elevated pCO2 will lead to increased cell abundance of M. 
pusilla, thereby enhancing the virus-host contact rate and possibly compen-
sating for the prolonged latent period due to increased P limitation. Thus, the 
final outcome for the picoeukaryote host population, food web efficiency, and 
carbon export to deeper waters would depend on the original degree of P stress 
(trophic state). The current study advances our limited understanding of the 
influence of enhanced pCO2 and P stress on virally infected picoeukaryote 
photoautotrophs while at the same time stressing the importance of additional 
research, including that on other ecologically relevant phytoplankton species 
and ecotypes. 
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2Conclusions
To date, many laboratory studies have focused on the ability of phytoplankton 
to cope with increasing pCO2 conditions, but typically the focus has been on 
the larger size classes. This study showed a beneficial effect of elevated pCO2 
on the cell abundance and cellular C:N and C:P ratios of the picoeukaryote 
M. pusilla under P limitation, which confirms earlier findings of stimulated 
growth of picoeukaryotes under future CO2 levels (Engel et al. 2008, Brus-
saard et al. 2013). However, the effects on cell stoichiometry will play a role 
only under nutrient (i.e., P)-limiting conditions. Moreover, we showed that vi-
ral lysis is an important aspect to consider when studying the impact of global 
climate change on ecosystem functioning. Although virus-host interactions 
were not directly affected by pCO2, growth under P limitation led to longer 
latent periods and strongly reduced viral burst sizes. These results suggest 
that when P limitation prevails in future oceans, picoeukaryotes and grazing 
will be favored over larger-sized phytoplankton and viral lysis with increased 
matter and nutrient flow to higher trophic levels. Our current results suggest 
that in a stratified future ocean, viral lysis will have a decreased impact on 
phytoplankton mortality with possible subsequent negative feedback on the 
cycling of carbon and nutrients in the water column. However, to what extent 
uptake of organic P and P utilization during infection will adjust the ecological 
and biogeochemical impact needs further study. 
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2Supporting information
Table 2.S1 p-values belonging to Table 1. Kruskall-Wallis tests are depicted in italics.
culture pCO2
(µatm)
culture DIC
(µmol kg-1)
culture AT
(µmol kg-1)
culture pH
0.32 µmax × 0.97 µmax >0.05 0.065 0.927 0.319
0.32 µmax × P-replete >0.05 <0.001 <0.001 0.003
0.97 µmax × P-replete >0.05 <0.001 <0.001 0.018
370 µatm × 750 µatm <0.001 <0.001 0.923 <0.001
Table 2.S2 p values belonging to Table 2. Kruskall-Wallis tests are depicted in italics.
0.32 µmax ×  
0.97 µmax
0.32 µmax ×  
P-replete
0.97 µmax ×  
P-replete
370 µatm ×  
750 µatm
M. pusilla (×105 ml-1) 0.302 * * <0.001
FSC (r.u.) <0.001 <0.001 <0.001 0.317
FL-4 (r.u.) <0.001 0.495 <0.001 0.609
Fv/Fm (r.u.) <0.001 <0.001 <0.001 0.437
Chl a (fg cell-1) 0.754 <0.001 <0.001 0.767
Epoxidation state 0.024 0.023 0.697 0.434
Chl a:b 0.001 0.001 0.013 0.422
NPP (pmol C cell-1 h-1) 0.008 <0.001 <0.001 0.660
APA (amol cell-1 s-1) <0.001 <0.001 <0.001 0.066
POC (fmol cell-1) 0.003 0.214 <0.001 0.272 
PON (fmol cell-1) 0.150 0.003 <0.001 0.589
POP (fmol cell-1) >0.05 <0.05 >0.05 >0.05
C:N 0.304 <0.001 <0.001 0.002
C:P <0.001 <0.001 <0.001 <0.001
N:P >0.05 <0.05 <0.05 0.123
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3Abstract
The intact polar lipid (IPL) composition of phytoplankton is plastic and 
dependent on environmental factors. Previous studies have shown that phy-
toplankton under low phosphorus (P) availability substitutes phosphatidylglyc-
erols (PGs) with sulfoquinovosyldiacylglycerols (SQDGs) and digalactosyldia-
cylglycerols (DGDGs). However, these studies focused merely on P depletion, 
while phytoplankton in the natural environment often experience P limitation 
whereby the strength depends on the supply rate of the limiting nutrient. Here 
we report on the IPL composition of axenic cultures of the picophotoeukaryote 
Micromonas pusilla under different degrees of P limitation, i.e., P-controlled 
chemostats at 97 and 32 % of the maximum growth rate, and P starvation 
(obtained by stopping P supply to these chemostats). P-controlled cultures 
were also grown at elevated partial carbon dioxide pressure (pCO2) to mimic 
a future scenario of strengthened vertical stratification in combination with 
ocean acidification. Additionally, we tested the influence of viral infection for 
this readily infected phytoplankton host species. Results show that both 
SQDG:PG and DGDG:PG ratios increased with enhanced P limitation. Lipid 
composition was, however, not affected by enhanced (750 vs. 370 µatm) pCO2. 
In the P-starved virally infected cells the increase in SQDG:PG and DGDG:PG 
ratios was lower, whereby the extent depended on the growth rate of the 
host cultures before infection. The lipid membrane of the virus MpV-08T itself 
lacked some IPLs (e.g., monogalactosyldiacylglycerols; MGDGs) in compar-
ison with its host. This study demonstrates that, besides P concentration, 
also the P supply rate, viral infection and even the history of the P supply 
rate can affect phytoplankton lipid composition (i.e., the non-phospholipid : 
phospholipid ratio), with possible consequences for the nutritional quality of 
phytoplankton.
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3Introduction
Intact polar lipids (IPLs) constitute an important component of phytoplankton 
cells, in which they function as a structural component (membranes), storage 
of carbon, and as signaling molecules (Volkman et al. 1998). IPLs comprise a 
large diversity in the structure of the polar head groups, the fatty acid (FA) 
tail lengths and number of FA double bonds, of which the actual cellular 
composition is found to be dependent not only on the phytoplankton species 
involved but also on growth-relevant environmental variables (Guschina & 
Harwood 2009). In the natural environment phytoplankton growth is sub-
jected to a number of limitations (Harris 1986). A widespread and important 
phytoplankton growth-regulating factor that limits growth in many marine 
systems is phosphorus (P) availability (Cloern 1999, Dyhrman et al. 2007, 
Moore et al. 2013). Under low-P conditions, phytoplankton phospholipids (P 
lipids; i.e., lipids that contain P in their polar head groups) have been found 
to be substituted with non-P lipids (i.e., so-called lipid remodeling), thereby 
reducing the cellular P demand by 10–30 % (Sato et al. 2000, Van Mooy et 
al. 2009, Martin et al. 2011, Abida et al. 2015). In the heterogeneous marine 
environment the degree of P availability for phytoplankton is variable, and thus 
the trophic status of the system may affect the ratio of non-P lipids to P lipids. 
Data show that P lipid synthesis rates and P-lipid-to-non-P-lipid ratios are 
lower under low P availability (Van Mooy et al. 2009) and that an increasing 
fraction of P lipids is substituted by non-P lipids the longer the cells are de-
prived of P (Martin et al. 2011). The availability of P, and thus the degree of P 
stress to which a phytoplankton population is subjected, depend not only on 
P concentrations but also on the total P pool and P turnover or P supply rates 
in the water column (Harris 1986). It would thus be interesting to clarify the 
relation between phytoplankton growth rates (as affected by P supply rates), 
physiological P limitation and IPL remodeling. As far as we know, P lipid re-
modeling in relation to phytoplankton growth rate  and physiology has thus 
far not been described in the literature. Furthermore, the available studies on 
P lipid remodeling have focused merely on nano-sized phytoplankton (Sato 
et al. 2000, Van Mooy et al. 2009, Martin et al. 2011, Abida et al., 2015). As 
smaller phytoplankton species are generally considered to cope better with 
low nutrient availability (Raven 1998) and make up a large proportion of open-
oceanic phytoplankton communities (Marañón et al. 2001, Grob et al. 2007), 
it is appropriate to test the possible effects of P limitation on lipid remodeling
for species from this size class of phytoplankton as well. Investigations 
on the effects of P  limitation on phytoplankton are timely as global warming 
is expected to lead to an expansion of the stratified areas of our world’s oceans 
(Sarmiento et al. 2004). Besides the increased phytoplankton nutrient limita-
tion due to the reduced mixing of nutrients to the surface of the water column, 
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3elevated partial CO2 pressure (pCO2) may affect phytoplankton growth, pro-
duction and stoichiometry (Riebesell & Tortell 2011, Maat et al. 2014b). The 
effects of changing carbon dioxide (CO2) conditions on the intact polar lipid 
composition of phytoplankton are still unknown.
Here we investigated the IPL composition of the picophytoplankton spe-
cies Micromonas pusilla (Butcher; Manton and Parke 1960; Prasinophyceae) 
under different degrees of P limitation (i.e., P-controlled chemostat growth at 
97 and 32% of the maximum growth rate and P starvation) and partial dou-
bled pCO2 as compared to present-day pCO2 (370 μatm). M. pusilla is a globally 
distributed ubiquitous alga (Slapeta et al. 2006) that may represent signifi-
cant fractions of phytoplankton communities (e.g., on average 22% of total 
chlorophyll year-round in the English Channel; Not et al. 2004). The species 
has been shown to be readily infected by viruses (Cottrell & Suttle 1991, Brus-
saard et al. 2004), whereby viral infection of P-limited M. pusilla prolongs the 
time of lysis of the algal host during which carbon fixation and P assimilation 
are still possible (Maat et al. 2014b). As viruses may influence phytoplank-
ton lipid composition, the possible effects of viral infection on P-limitation-in-
duced lipid remodeling in M. pusilla were studied as well.
Materials and methods
Culturing and treatments
The prasinophyte Micromonas pusilla Mp-LAC38 (culture collection Marine 
Research Center, University of Gothenburg; Sahlsten and Karlson 1998), be-
longing to Micromonas clade A (Martínez et al. 2015), was pre-grown under 
P-replete and P-limited conditions as described in detail by Maat et al. 
(2014b). In short, axenic cultures were grown on a modified f/2 medium 
(Guillard & Ryther 1962) with 0.01 µM Na2SeO3 (Cottrell & Suttle 1991) in 5 
L borosilicate culture vessels under 100 µmol quanta m−2 s−1 in a light:dark 
cycle of 16:8 h. The P-replete treatment (36 µM P) was obtained using 
semi-continuous cultures growing at maximum growth rate (µmax= 0.72 d
−1; 
Table 3.1) and diluted daily according to the turbidostat principle (MacIntyre 
& Cullen 2005). Algal cells were counted by flow cytometry before and af-
ter dilution according to Marie et al. (1999). Balanced P-controlled (P = 
0.25 µM) growth conditions were obtained by chemostats (i.e., continuous 
cultures under nutrient control), allowing cells to grow at a set dilution 
rate and hence at the same physiological state (MacIntyre & Cullen 2005; 
Table 3 . 1). As chemostat dilution (growth) rates we chose nearly exponential 
growth (0.97 µmax) and a more stringent level of P limitation at 0.32 µmax. The 
strongest level of P limitation was then realized by stopping the P supply 
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3to the chemostat cultures, hence yielding P-starved (MacIntyre and Cullen, 
2005) cultures with different growth history (i.e., 0.97 and 0.32 µmax; Table 
3.1). Increasing strength of P limitation was clearly visible in increased alka-
line phosphate activity (APA) and reduced photosynthetic efficiency (Fv/ Fm), 
both well-accepted indicators of phytoplankton nutrient limitation (Table 3.1; 
Beardall et al. 2001).
The P-replete and P-controlled cultures were maintained at pres-
ent-day pCO2 (370 µatm) as well as future pCO2 (750 µatm, predicted for 
the year 2100; Meehl et al. 2007) by aerating the cultures with synthetic air 
(see for exact CO2 conditions Maat et al. 2014b). The different culturing meth-
ods were solely used to create the different strengths of P limitation and CO2 
conditions. As all other culture conditions remained the same (e.g., type 
of vessels, aeration, irradiance, temperature), no additional (side) effects of 
the culturing method on M. pusilla growth, physiology or IPL composition are 
expected. During steady state of the P-replete and P-controlled cultures, 200 
ml samples were taken for IPL analysis, GF/F-filtered, flash-frozen and 
stored at −80◦C. Samples for IPLs of the P-starved cultures were taken 30 h 
into batch state. 
Viral infection experiments were carried out using the P-starved treat-
ment (both 0.32 and 0.97 µmax; present-day CO2 concentration) and the 
double-stranded DNA virus MpV- 08T (NIOZ culture collection, the Neth-
Table 3.1 P treatments used in the cultivation experiments of M. pusilla and corresponding 
effects on growth rate (µ), doubling time (Td), alkaline phosphatase activity (APA) and photo-
synthetic efficiency (Fv/ Fm). All experiments were carried out in the same vessels and under 
the same conditions (light, other nutrients, temperature, etc.). n/a is not applicable.
Culturing method Treatment name Effects on growth µ 
(d-1)
Td 
(d)
APA
(amol P 
cell-1 h-1) 
Fv/Fm
 (r.u.)
Semi-continuous turbi-
dostat (daily dilution)
P-replete Exponential growth 
at 1.0µmax
0.72  0.96 0.0 0.66
P-controlled chemostats 
0.97µmax  
P-controlled
P-controlled growth 
at 0.97µmax
0.70  0.99 6.1 0.61
0.32µmax  
P-controlled
P-controlled growth 
at 0.32µmax
0.23  3.01 24.3 0.50
Batch culturing once 
chemostat pump stop-
ped; growth nears 0 
0.97µmax  
P-starved
Starvation of the 
0.97µmax P-controlled 
cultures
0.09  7.6 26.8 0.30
0.32µmax  
P-starved
Starvation of the 
0.32µmax P-controlled 
cultures
0.07  9.4 33.3 0.33
Batch culturing; chemo-
stat pump stopped and 
infection with MpV-08T
0.97µmax  
P-starved, infected
Starvation of infected 
0.97µmax  
P-controlled cultures
0.0  n/a 18.0 0.34
0.32µmax  
P-starved, infected
Starvation of infected 
0.32µmax  
P-controlled cultures
0.0  n/a 28.9 0.28
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3erlands; Maat et al. 2014b). MpV lysate to infect the algal host cultures was 
depleted in P by three cycles of lysis on a P-limited host. Infection took place at 
the start of the starvation using a virus:host ratio of 10 to obtain one-step in-
fection cycles (82–100 % infectivity, as determined by most probable number 
end point dilution and flow cytometry; Suttle 1993, Marie et al. 1999). Batch 
culturing avoided wash-out by dilution and consequently altered contact rates 
and inaccurate data analysis. Cell lysis of the P-replete cultures started after 
approximately 20 h, but took up to 36 h for the P-limited cultures (see Maat 
et al. 2014b; for more details). Therefore, samples for infected algal host IPL 
composition were taken 30 h post- infection (p.i.) to represent full P-starved 
conditions, while still being able to perform IPL analysis on intact algal cells.
Besides algal IPL analysis, we also examined the virus itself as it was 
shown to lose infectivity upon chloroform treatment, indicating that it pos-
sesses a lipid membrane (Martínez Martínez et al. 2014). The presence of a 
viral lipid membrane was confirmed by staining fresh MpV-08T with the li-
pophilic dye N-(3-triethylammoniumpropyl)-4-[4- (dibutylamino)styryl] pyri-
dinium dibromide (FM 1-43) (Life technologies Ltd. Paisley, UK) in TE buffer 
(pH = 8) for 10 min at 4˚C and at a final concentration of 10 µM according to 
Mackinder et al. (2009). As a positive control, MpV-08T was stained with the 
nucleic acid stain SYBR Green I (Life Technologies Ltd., Paisley, UK) according 
to Brussaard (2004). FM1-43 and SYBR Green I stained viral particles were 
detected using a benchtop BD FACSCalibur equipped with a 488 nm argon 
laser (BD Biosciences, San Jose, USA; Marie et al. 1999, Brussaard 2004).
For viral IPL extraction, the exponentially growing algal host was in-
fected with MpV-08T (4 times 2.5 L), and upon full lysis of the host the virus 
was isolated according to Vardi et al. (2009). Approximately 10 L of lysate was 
pre-filtered on Whatmann GF/C filters Maidstone, UK) in batches of 1 L and 
subsequently concentrated by 30 kD tangential flow filtration (Vivaflow 200, 
Sartorius Stedim Biotech GmbH, Goettingen, Germany). The remaining vol-
ume was spun down into a 25 % OptiPrep™ (iodixanol; Axis- Shield, Dundee, 
140 UK) solution on a Centrikon T-1080 (Kontron 141 Instruments ultra-
centrifuge, Watford, UK) in 12 ml ultraclear ultracentrifuge tubes (Beckman 
Coulter Inc., Brea, CA) in a swing-out rotor (SW41TI; Beckman Coulter, Palo 
Alto, USA) at approximately 100 000×g for 2 h. The 25 % Optiprep™ layer with 
viruses was then transferred on top of prepared density gradient containing 
30, 35, 40 and 45 % Optiprep™. After ultracentrifugation at 200 000×g for 4 
h, the white viral band was removed and gently filtered onto 0.02 µm Anodisc 
filters (25 mm diameter; Whatman, Maidstone, UK). Until analysis this sam-
ple was stored in 20 ml glass scintillation vials (Packard BioScience, Meriden, 
USA) at −80 ˚C.
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3Soluble reactive phosphorus (SRP) and indices of P limitation
Concentrations of SRP were determined by colorimetry according to Hansen 
and Koroleff (1999). SRP concentrations during chemostat culturing and the 
viral infection experiment were always at the detection limit (20 nM) and con-
sidered 0 µM, while in the P-replete cultures the concentrations of SRP never 
fell below 28 µM.
APA was determined according to Perry (1972). In 2 ml of culture the 
conversion rate of supplied (250 µL) 3-O- methylfluorescein phosphate (595 
µM in 0.1 M Tris buffer with pH 8.5; Sigma-Aldrich, St. Louis, USA) was de-
termined with an excitation and emission wavelength of 430 and 510 nm, 
respectively. After addition and gentle mixing, each sample was quickly and 
directly measured on a Hitachi F2500 fluorescence spectrophotometer (Tokyo, 
Japan) comparison of the values to a standard curve comparison of the values 
to a standard curve of 3-O-methylfluorescein (Sigma-Aldrich, St. Louis, USA). 
Temperature was kept at 15 ˚C until the actual measurement, and all han-
dling was carried out under dimmed light. Total APA was divided by the cell 
number to obtain APA in amol P cell−1 s−1.
The photosynthetic efficiency (Fv / Fm) was determined by PAM fluoro-
metry (Water-PAM, Walz, Germany). Samples were kept in the dark for 15 min 
at in situ temperature, after which the minimal (F0) and maximal (Fm) chlo-
rophyll autofluorescence were measured. The variable fluorescence Fv was 
calculated as Fm–F0 (Maxwell and Johnson, 2000).
Extraction and analysis of IPLs
The filters containing M. pusilla or MpV were freeze-dried, cut into small pieces 
and extracted with a modified Bligh and Dyer (BD) extraction as described by 
Pitcher et al. (2011). The single-phase solvent mixture of methanol (MeOH):di-
chloromethane (DCM):phosphate buffer (2:1:0.8, v:v:v) was added to the piec-
es of filter in a glass centrifuge tube. This mixture was then sonicated for 10 
min, after which the extract and residue were separated by centrifuging at 
1000×g for 5 min. The solvent mixture was collected in a separate glass flask, 
and the whole process was repeated twice. The single-phase extract was sup-
plemented with DCM and phosphate buffer to obtain a new ratio of MeOH:D-
CM:phosphate buffer (1:1:0.9, v:v:v) and to induce phase separation. After 
spinning down the extract at 1000×g for 5 min, the DCM phase was collected 
in a round-bottom flask. The MeOH:phosphate buffer phase was then washed 
twice with DCM. The collected DCM phases were reduced under a stream of 
N2. The same protocol was used for the Anodisc aluminum oxide filters con-
taining MpV, although they could be ground directly in the BD solvent mixture 
in a glass tube using a spatula. 
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3The extracts were dissolved in a hexane:isopropanol:water (72:27:1, 
v:v:v) injection solvent and filtered over a 0.45 µm regenerated cellulose fil-
ter (Grace, Deerfield, USA) just prior to analysis. Analysis was performed by 
high-performance liquid chromatography electrospray ionization mass spec-
trometry (HPLC-ESI- MSn)  using  methods  modified  from  Sturt  et  al. 
(2004). Separation was conducted on an Agilent 1200 series LC equipped with 
a thermostated autoinjector, coupled to a Thermo LTQ XL linear ion trap with 
Ion Max source with electrospray ionization (ESI) probe (Thermo Scientific, 
Waltham, USA). Specifications on the gradient, column and ESI settings can 
be found in Sinninghe Damsté et al. (2011). 
Figure 3 .1 Structures of the detected IPL classes in Micromonas pusilla: the glycolipids 
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and sulfoquinovo-
syldiacylglycerol (SQDG); the phospholipid phosphatidylglycerol (PG); and the betaine 
lipids diacylglyceryl-(N,N,N)-trimethylhomoserine (DGTS) and diacylglyceryl hydroxyl-meth-
yltrimethyl-β-alanine (DGTA). R1 and R2 represent the acyl groups.
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3Figure 3.2 Partial base peak chromatogram (MS1, m/z 400–2000) of lipid extract of M. pusilla 
(A) and the virus MpV-08T (B) obtained by HPLC-MS analysis.
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3The IPLs were identified in positive ion mode (m/z 400– 2000), whereby 
the four most abundant ions from each positive ion full scan were fragmented 
first to MS2 (normalized collision energy (NCE 25, isolation width [IW] 5.0, 
activation Qz 0.175) and then to MS3  (NCE 25, IW 5.0, Qz 0.175). The IPL 
structures were identified by comparison with the fragmentation patterns of 
authentic standards as described in Brandsma et al. (2012). The absolute 
abundances of the different IPLs were not determined; instead IPL abundanc-
es were examined relatively to the total amount of IPLs, i.e., the IPL peak area 
divided by the total sum of peak areas. Ratios of IPL groups were calculated 
to detect relative changes and possible lipid substitutions between all pairs 
of IPLs. The IPL-bound fatty acids (IPL-FAs) were determined by the fragment 
ions and diagnostic neutral losses from the MS2 spectra (Brügger et al. 1997, 
Brandsma et al. 2012). For the PGs, no FA combinations could be determined 
in this way, because there were no specific FA losses or FA fragments pro-
duced under positive ionization for this group. The combined chain lengths (x) 
and doubled bond equivalents (y) of the two FAs (acyl moieties) are depicted 
as (Cx:y). 
In all M. pusilla culture samples six different classes of IPLs were de-
tected (Figs. 3.1 and 3.2): the three glycolipids monogalactosyldiacylglycerol 
(MGDG), digalactosyldiacylglycerol (DGDG), and sulfoquinovosyldiacylglyc-
erol (SQDG); the phospholipid phosphatidyl-glycerol (PG); and the betaine 
lipids diacylglyceryl-(N,N,N)-trimethylhomoserine (DGTS) and diacylglyceryl-
hydroxymethyltrimethyl-β-alanine (DGTA). For comparison, the partial base 
peak chromatogram of the MpV-08T lipid extract is presented in Fig. 3.2B.
Statistics
Statistics were carried out in SigmaPlot 13.0 (Systat Soft- ware Inc., Chi-
cago, USA). Differences amongst the P treatments between the relative peak 
areas of the IPLs were tested by two-way ANOVAs (n = 1, significance level p 
= 0.05) and Holm–Šidák multiple comparisons. The relation of the SQDG:PG 
and DGDG:PG ratios with Fv/ Fm were tested (separately for the 0.97 and 
0.32 µmax cultures) by linear regressions (significance level p=0.05).
Results
The different P treatments could be discriminated based on M. pusilla growth 
rates, Fv/ Fm and APA (Table 3.1), whereby APA showed increased rates and 
Fv/ Fm decreased values with increased P limitation. In comparison to P-re-
plete culturing conditions, P-controlled exponential growth at 0.97 and 0.32 
µmax (chemostats) and P starvation (stopping P supply to the chemostats) led 
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3Table 3.2 Relative abundance of the IPL classes SQDGs, PGs, DGDGs, MGDGs, DGTSs 
and DGTAs in Micromonas pusilla LAC-38 as percentage of summed peak areas and per cul-
turing treatment (horizontally sum 100 %). Treatments consisted of P-replete growth and four 
different strengths of P limitation, i.e., P-controlled exponential chemostat growth at 0.97 
and 0.32 µmax and 30 h P starvation of both P-controlled treatments. The P-starved cultures 
were additionally infected with the virus MpV-08T, whereby the cells were still intact after 30 h 
P starvation and infection. The P-replete and P-controlled cultures were subjected to 370 and 
750 µatm CO2.
Treatment pCO2
(µatm)
SQDG
(%)
PG 
(%)
DGDG
(%)
MGDG
(%)
DGTS 
(%)
DGTAs
(%)
1.0 µmax P-replete 370 3.0 11 2.7 10 2.3 71
750 2.9 10 2.8 8.9 3.1 72
0.97 µmax P-controlled 370 8.4 7.3 7.2 5.2 5.5 66
750 9.1 4.6 7.8 6.1 3.5 69
0.97 µmax P-starved 370 6.2 1.3 4.8 4.1 1.6 82
0.97 µmax P-starved, infected 370 4.5 1.1 3.0 3.7 0.8 87
0.32 µmax P-controlled 370 9.0 4.5 9.6 7.0 2.1 68
750 8.7 4.5 9.4 6.0 2.4 69
0.32 µmax P-starved 370 4.9 0.9 3.6 4.2 1.1 85
0.32 µmax P-starved, infected 370 4.6 2.4 4.1 3.9 2.1 83
to clear IPL remodeling (Table 3.2 and 3.S1 in the Supporting information). 
The SQDGs showed a relative increase (to the other IPLs) under all levels of 
P limitation as compared to P-replete conditions (p<0.03), while for the DG-
DGs and the DGTAs this increase was only significant for the cultures that 
were P-starved for 30 h (p<0.044). The total relative increase of the DGTAs in 
the P-starved cultures compared to the P-replete ones (1.2-fold) was, however, 
relatively small compared to those of the SQDGs and DGDGs (approximately 
3-fold). In contrast to these IPLs, the relative abundance of the PGs de-
creased under all levels of P limitation (P-controlled growth and starva-
tion; p<0.006), while the MGDGs decreased only under P-controlled growth 
(p=0.029), but not under P starvation. The change in MGDGs was smaller as 
compared to the change in PGs (1.4- vs. 6.8-fold). No significant trend was 
found for the relative abundance of the DGTSs under these conditions. Linear 
regressions showed increasing SQDG:PG or DGDG:PG ratios with decreasing 
photosynthetic efficiency (Fv/ Fm; Fig. 3.3A and B; p≤0.001; n=6; r2=0.96; nor-
mality by Shapiro–Wilk test: p=0.781 and 0.594 for the SQDG:PG and DG-
DG:PG ratio, respectively). Similar relations were found with APA as an in-
dicator of the strength of P limitation, but here a clear distinction was found 
between the 0.97 and 0.32 µmax (pre-grown) cultures (Fig. 3.S1 in the Supple-
ment). Moreover, the DGDG:MGDG ratio was 4-fold higher for the P-limited 
than for the P-replete cultures (Table 3.2). Elevated pCO2 did not affect the 
relative abundance of the six IPL groups for any of the treatments (Table 3.3; 
0.071<p<0.623).
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3Figure 3.3 Relation of the SQDG:PG (A) and DGDG:PG (B) ratios with photosynthetic ef-
ficiency (Fv/Fm) of the P-replete (circles) and 0.97 (squares) and 0.32 µmax (triangles) 
P-controlled cultures. The ratios of the virally infected cultures are depicted in grey. Dotted 
lines in the figures represent linear regressions for the SQDG:PG (p < 0.001, r2 = 0.98) and 
DGDG:PG ratios (p < 0.001, r2 = 0.96). The virally infected cultures were omitted from the 
regressions.
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3Similarly to the non-infected P-starved cultures, the PGs in the viral-
ly infected P-starved cultures decreased significantly compared to the P-con-
trolled ones (p=0.007). However, virally infected M. pusilla cells showed smaller 
increases in SQDG:PG and DGDG:PG ratios than the non-infected P-starved 
cells (Fig. 3.3A and B). The increase was however still larger for the 0.97 µmax 
P-starved cultures than for the 0.32 µmax P-starved cultures. The IPL compo-
sition of MpV showed some differences compared to M. pusilla; i.e., MGDGs 
could not be detected anymore, and the PGs were 6-fold lower relative to the 
DGTSs (Fig. 3.2b). These relative simplifications of MpV IPL composition as 
compared to its host were also reflected in a lower diversity of IPL-bound fatty 
acid groups (IPL-FAs) for all groups of MpV IPLs (IPL- FAs; Table 3.3). However, 
some FA combinations were only found in MpV and not in M. pusilla: DGDGs 
(C32:4), SQDGs (C32:1) and the DGTSs (C30:0 and C38:6).
Table 3.3 Fatty acid combinations (chain length:double bonds) for the SQDGs, DGDGs, 
MGDGs, DGTSs and DGTAs of M. pusilla and its virus MpV. The fatty acid combinations of the 
PGs could not be determined with the diagnostic tool. n.d. stands for non-detected.
MGDGs DGDGs SQDGs DGTSs DGTAs
M. pusilla
16:0, 18:3 16:0, 18:3 14:0, 16:0 14:0, 18:4 14:3, 16:0
16:0, 18:4 16:0, 18:5 14:0, 16:1 16:0, 18:1 14:0, 18:4
16:0, 18:5 16:3, 18:3 16:0, 16:0 16:0, 18:2 16:0, 16:4
16:2, 18:3 16:2, 18:4 16:0, 18:3 16:0, 18:3 16:0, 18:4
16:3, 18:3 16:4, 18:3 16:0, 18:4 16:0, 18:4 16:1, 18:4
16:4, 18:3 16:4, 18:5 16:4, 18:1
16:4, 18:4 16:4, 18:4
16:4, 18:5 14:0, 22:6
16:4, 22:6
18:4, 22:6
22:6, 22:6
MpV
n.d. 16:0, 16:4 16:0, 16:0 14:0, 16:0 14:3, 16:0
16:0, 16:1 14:0, 18:4 14:0, 18:4
16:0, 18:3 16:0, 18:3 16:0, 16:4
16:0, 18:4 16:0, 18:4 16:0, 18:4
16:0, 22:6 16:1, 18:4
16:4, 18:1
16:4, 18:4
14:0, 22:6
16:4, 22:6
18:4, 22:6
22:6, 22:6
67
Lipids in P-stressed Micromonas pusilla and virus
3Discussion
Lipid remodeling under P limitation and elevated pCO2
The prasinophyte M. pusilla substituted P-containing IPLs with non P-con-
taining IPLs under low P availability. Similar lipid remodeling has also been 
reported for some other phytoplankton groups (i.e., diatoms and cyanobacte-
ria; Sato et al. 2000, Van Mooy et al. 2009, Martin et al. 2011, Abida et 
al. 2015). In addition to the replacement of PGs with SQDGs, changes were 
also observed for other IPLs, i.e., a large increase in DGDGs, a small in-
crease in DGTAs and a small decrease in MGDGs. Increases in DGDGs and 
DGTAs with decreasing MGDGs were also observed in Phaeodactylum tricornu-
tum under P depletion. However, for this diatom a larger (5-fold versus 1.2-fold 
in M. pusilla) increase of DGTAs was observed, presumably as a replacement 
for phosphocholines that are present in these cells (Abida et al. 2015). The 
decrease in M. pusilla MGDGs under P-controlled growth versus P repletion 
might be explained by their potential role as precursor for DGDGs (Heems-
kerk et al. 1988), which is in our study supported by the large increase in 
the DGDG:MGDG ratio from P-replete to P-limiting conditions.
The linear increase for SQDG:PG and DGDG:PG ratios with rising 
strength of P limitation (reflected in Fv/ Fm and APA; Beardall et al. 2001) 
demonstrates that lipid remodeling was a continuous process, whereby SQDGs 
and DGDGs were increasingly substituting for the PGs. Furthermore, we show 
that the increase in the ratios of non-phospholipids to phospholipids under P 
starvation depended on the pre-growth condition; i.e., the SQDG:PG and DG-
DG:PG ratios of the 0.97 µmax P-controlled cultures further increased 5- and 
4-fold under P starvation, respectively, while this was 2.5- and 2-fold for the 
0.32 µmax P-controlled ones. Thus besides P concentrations, also the P supply 
rate (e.g., P remineralization rates in the natural environment) and even the 
history of the P supply rate may influence algal IPL composition. Whether this 
is a general feature requires further study. This is especially important in the 
light of climate-change-related processes; warming of the surface ocean will 
increase the degree of P limitation through strengthened vertical stratification 
(Sarmiento et al. 2004). Our study further showed that CO2 enrichment of the 
surface ocean did not affect M. pusilla IPL composition. 
Van Mooy et al. (2009) showed that the substitution of PGs by SQDGs 
was the only process of lipid remodeling under P starvation for five species 
of cyanobacteria. Yet the two eukaryotic diatom species (Thalassiosira pseud-
onana and Chaetoceros affinis) and the prymnesiophyte Emiliania huxleyi that 
were also studied showed additional substitution of the P lipids phosphatidyl-
cholines with (N-containing) betaine lipids. The authors suggested that this 
makes these diatom species lesser competitors in the oligotrophic ocean than 
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3cyanobacteria. However, our results show only a mi nor increase in betaine 
lipids (i.e., DGTAs) for P-starved M. pusilla. Additionally, we did not detect the 
N-containing P lipids phosphatidylethanolamine or phosphatidylcholine (both 
thought to be common in eukaryotic phytoplankton; Van Mooy & Fredricks 
2010). In terms of lipid composition, the picoeukaryote M. pusilla seems thus 
less dependent on N than the other studied eukaryotic phytoplankters and, 
therefore, well adapted to cope with low nutrient availability under oligotrophic 
conditions. This might be a general characteristic of smaller photoeukaryotes 
(Raven 1998).
Lipid remodeling under viral infection
Our findings demonstrate that viral infection lessened the substitution of 
phospholipids by non-phospholipids under P-starving conditions, particularly 
of the 0.32 µmax P-starved M. pusilla cells (compared to the 0.97 µmax P-starved 
cultures). This might be an active process, as phytoplankton viruses have 
been shown to alter or inhibit host metabolic pathways for the benefit of viral 
proliferation (Seaton et al. 1995; Rosenwasser et al. 2014). However, lipid 
remodeling still occurred and may have even contributed to viral replication 
under P-limited conditions by supplying P (derived from the replaced P lipids) 
to the infection process (as an elemental building block for viral particles or 
energy in the form of, e.g., ATP). The exact mechanisms by which viruses in-
terfere with IPL remodeling under P-limiting conditions require further study. 
The membrane of MpV-08T was impoverished in IPL diversity compared to 
its host, as MGDGs were not detected anymore and the relative abundance 
of PGs was greatly reduced. Other glycolipids (DGDGs and SQDGs) seemed, 
however, unaffected. Maat et al. (2014a) showed a similar difference for viral 
IPLs of a virus (PgV-07T) that infects the prymnesiophyte Phaeocystis globosa, 
whereby the MGDGs were also greatly reduced in the virus compared to the 
host. In contrast to M. pusilla, however, the DGDGs were also partially lower 
and the SQDGs were not detected in PgV-07T. These IPLs are thought to be 
mainly associated with the chloroplast (Guschina & Harwood 2009); becau-
se the chloroplast in infected P. globosa stays largely intact (see Maat et al. 
2014a), these IPLs would then not be recruited by the virus. As M. pusilla is 
able to maintain primary production far into the infection cycle (Maat et al. 
2014b), the chloroplast likely maintains its integrity as well. MpV might thus 
selectively recruit its lipids from other cellular compartments or produce them 
de novo. Several IPLs – such as certain SQDGs, DGDGs and DGTAs – were 
found in MpV but not in its host. Although at this point we cannot exclude the 
possibility that the host did contain these IPL-FAs in concentrations too low 
to detect, it is more likely that these compounds were produced by alteration 
of IPL-FAs during viral infection.
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3Ecological implications
Our results show substantial shifts in IPL composition of the picoeukaryote M. 
pusilla under P limitation, which seems different than for larger-sized eukary-
otic phytoplankton (Sato et al. 2000, Van Mooy et al. 2009, Martin et al. 2011, 
Abida et al. 2015). At the same time, small-sized eukaryotic photoautotrophs 
such as M. pusilla have been shown to be favored under low-P conditions and 
under enhanced pCO2 compared to larger phytoplankton size classes (Brus-
saard et al. 2013, Engel et al., 2008, Maat et al. 2014b). Phytoplankton-de-
rived lipids are an important part of the nutrition of many aquatic organisms, 
including zooplankton grazers of phytoplankton, because of their auxotrophy 
for important lipid-associated compounds (e.g., PUFAs; Fraser et al. 1989, 
Klein Breteler et al. 2005, Bell & Tocher 2009). Hence, the intake by grazers 
of essential lipids depends on the available algal food source (abundance and 
species composition; Escribano & Pérez 2010, Jones & Flynn 2005) and in-
directly on the environmental factors and viruses (Evans et al. 2009, Bale et 
al. 2015) to which the phytoplankton are subjected. Information on the IPL 
composition of these primary producers in relation to the trophic status of the 
environment and the level of viral control is therefore valuable to our under-
standing of organic carbon and energy transfer to higher trophic levels.
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3Table 3.S1 Averages ± standard deviations of relative IPL peak areas under the different P-
treatments. Replicates (n=2) are derived by pooling the high and low pCO2 data which didn’t 
show a significant difference (0.071<p<0.623).
SQDGs
(%)
PGs
(%)
DGDGs
(%)
MGDGs
(%)
DGTSs
(%)
DGTAs
(%)
(%) (%) (%) (%) (%) (%)
P-replete 3.0±0.1 10.5±0.7 2.8±0.1 9.5±0.8 2.7±0.6 71.5±0.7
0.97µmax P-controlled 8.8±0.5 6.0±1.9 7.5±0.4 5.7±0.6 4.5±1.4 67.5±2.1
0.32µmax P-controlled 8.9±0.2 4.5±0.0 9.5±0.1 6.5±0.7 2.3±0.2 68.5±0.7
Supporting information
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3Figure 3.S1 Relation of the SQDG:PG (A) and DGDG:PG (B) ratios with alkaline phosphatase 
activity (APA) of the P-replete (circles) and 0.97 (squares) and 0.32µmax (triangles) P-controlled 
cultures. The ratios of the virally infected cultures are depicted in grey. The culturing treat-
ments are not depicted in the culture but can be derived from Table 1 (APA value for each 
treatment). Linear regressions for both ratios were significant for the 0.97µmax cultures (n=5, 
p<0.01, r2=0.99; normality by Shapiro-Wilk test: p=0.258 and 0.378 for the SQDG:PG and 
DGDG:PG ratio, respectively).
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4Abstract
Recent studies showed changes in phytoplankton lipid composition during 
viral infection and have indicated roles for specific lipids in the mecha-
nisms of algal virus-host interaction. To investigate the generality of these 
findings and obtain a better understanding of the allocation of specific 
lipids to viruses, we studied the intact polar lipid (IPL) composition of vi-
rally infected and non-infected cultures of the prymnesiophyte Phaeocystis 
globosa G(A) and its lytic virus PgV-07T. The P. globosa IPL composition was 
relatively stable over a diel cycle and not strongly affected by viral infection. 
Glycolipids, phospholipids and betaine lipids were present in both the host 
and virus, although specific groups such as the diacylglycerylhydroxymeth-
yltrimethyl-β-alanines and the sulfoquinovosyldiacylglycerols, were present 
in a lower proportion or were not detected in the virus. Viral glycosphingolip-
ids (vGSLs), which have been shown to play a role in the infection strategy of 
the virus EhV-86, infecting the prymnesiophyte Emiliania huxleyi CCMP374, 
were not encountered. Our results show that the involvement of lipids in vi-
rus-algal host interactions can be very different amongst virus-algal host 
systems.
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4Introduction
Phytoplankton are the primary source of a large variety of organic compounds, 
including lipids. In the marine food web these lipids are not only an impor-
tant nutritional source of carbon, but also contain substantial amounts of 
phosphorus and nitrogen. Several phytoplankton species belonging to the 
class Prymnesiophyceae are considered important players in organic carbon 
and sulfur cycling worldwide (Smith et al. 1991, Stefels & van Boekel 1993, 
Arrigo et al. 1999, Moon-van der Staay et al. 2000). Phaeocystis globosa is 
an ecologically important species in temperate coastal regions (Schoemann 
et al. 2005), and can be a substantial source of intact polar lipids (IPLs) in 
particulate organic matter (Brandsma et al. 2012b). This species is found in 
a single-celled flagellate stage as well as in colonies, and can develop dense 
blooms (see review by Schoemann et al. 2005). Blooms of P. globosa have been 
reported to be terminated or even prevented by viral infection (Brussaard & 
Martínez 2008). Phytoplankton viruses play a fundamental role in the marine 
food web. Through the lysis of their algal hosts, viruses release nutritional 
compounds from the cells into new pools of dissolved and particulate organic 
matter - a process called the viral shunt (Wilhelm & Suttle 1999). Viral infec-
tion may also affect the cellular composition of the infected host. Evans et al. 
(2009) have shown that viral infection of the prymnesiophyte Emiliania huxleyi 
CCMP1516 can affect the host fatty acid composition. Viruses can thus poten-
tially alter the composition of lipids in phytoplankton. 
Additionally, it has been shown that lipids can play a role in the in-
teraction between viruses and their algal hosts as elegantly shown for the 
phytoplankton-virus model system E. huxleyi CCMP374 and its virus EhV-
86 (Vardi et al. 2009). Viral infection induced the production of specific viral 
glycosphingolipids (vGSLs) in cells of E. huxleyi that seem to play a role in a 
programmed cell death mechanism of the host and the timing of cell lysis. 
These compounds are found in the virus itself as well. In a natural coccolitho-
phore population, it was shown that these lipids may be used as biomarkers 
for viral infection of phytoplankton (Vardi et al. 2012). Members of the Group 
I P. globosa viruses (PgVs) belong to the nucleocytoplasmic large DNA viruses 
(NCLDVs) (Brussaard et al. 2004). Many NCLDVs are known to possess a lipid 
membrane (Van Etten et al. 2010), that have been found to span the inner side 
(Yan et al. 2005) or the outer side of the capsid (Mackinder et al. 2009). How-
ever, questions remain about the acquisition and composition of the lipids in 
these membranes.
In this study we investigated the composition of IPLs in the prymnesio-
phyte P. globosa, before and during viral infection with PgV-07T, the most in-
tensively studied P. globosa virus strain to date (Baudoux & Brussaard 2005, 
2008, Sheik et al. 2013). Our aims were to detect possible changes of the host 
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4IPLs induced by the virus and, since many NCLDVs possess a membrane, 
clarify the IPL composition of the possible viral membrane as well. Addition-
ally, we aimed to compare our findings to specific IPL dynamics in the phylo-
genetically related phytoplankton species E. huxleyi, in which vGSLs play an 
important role in the mechanisms of viral lysis.
Material and Methods
Culturing conditions
Axenic cultures of Phaeocystis globosa G(A) (culture collection of the Univer-
sity of Groningen, The Netherlands) were grown in batch cultures at 15˚C in 
a 1:1 mixture of f/2 medium (Guillard & Ryther 1962) and modified artifi-
cial seawater (ESAW; Harrison 1980), i.e. enriched with Tris-HCl and Na2SeO3 
(Cottrell and Suttle, 1991). Irradiance was supplied at 90 µmol quanta m−2 
s−1 under a 16 h light: 8 h dark cycle. The lytic P. globosa virus, PgV-07T 
(Baudoux & Brussaard 2005) was derived from the virus culture collection 
of the Royal Netherlands Institute for Sea Research. This double-stranded 
DNA (dsDNA) virus, belonging to PgV Group I with a genome size of 470 kbp 
and a diameter of approximately 150 nm (Baudoux & Brussaard 2005), was 
cultured under the same conditions on exponentially growing P. globosa. Both 
culture and lysate were regularly checked for axenity by epifluorescence mi-
croscopy, using the nucleic acid stain 4,6-diamidino-2-phenylindole, dihydro-
chloride (DAPI) (Life technologies Ltd. Paisley, UK). The cultures were axenic 
at all times during the experiments.
Detection of viral membrane
The presence of a lipid membrane in PgV-07T was confirmed by staining 
fresh viruses with the lipophilic dye N-(3-triethylammoniumpropyl)-4-[4-
(dibutylamino)styryl] pyridinium dibromide (FM 1-43) (Life technologies Ltd. 
Paisley, UK) in TE buffer (pH = 8) at a final concentration of 10 µM for 10 
min. Viral particles were detected using a benchtop BD FACSCalibur equip-
ped with a 488 nm argon laser (BD Biosciences, San Jose, USA), after set-
ting the trigger on green fluorescence. Additionally, to test whether this lipid 
membrane was required for the infectivity of PgV, freshly produced viral lysate 
was treated with diethyl ether and chloroform (98 and 99 %, respectively; J. 
T.  Baker). Both solvents have been shown to be effective indicators of lipids in 
viruses (Feldman & Wang 1961), including those of viruses containing an in-
ner membrane (Olsen et al. 1974, Bamford et al. 1995). Separate incubations 
with 10 or 50 % (v/v final concentration) of either of the two compounds were 
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4performed at room temperature for 60 min. After incubation, the solvent from 
the samples treated with diethyl ether was removed from the virus suspen-
sion just by evaporation (overnight at 4 ˚C). The chloroform treatments were 
centrifuged (Eppendorf 5810R, Hamburg, Germany) at 4100×g for 5 min. The 
aqueous upper phase was recovered and remaining traces of chloroform were 
removed by evaporation (overnight at 4 ˚C). Positive controls, i.e. viruses not 
treated with solvent, underwent the same evaporation process. For all treat-
ments, virus infectivity was tested by most probable number (MPN) endpoint 
dilution assay (Suttle 1993).
Experimental procedures of host lipid dynamics
For the viral infection experiment, 2 L cultures of exponentially growing P. 
globosa (8.6×104 cells ml−1) were used. Duplicate cultures were inoculated 
with fresh 0.2 µm filtered (Minisart high flow Syringe Filter; Sartorius A.G., 
Göttingen, Germany) PgV lysate, obtaining a virus to host ratio of 55:1. The 
duplicate non-infected control cultures were inoculated with the same volume 
of autoclaved seawater. Samples for algal abundance (3.5 ml), PgV abundance 
(1 ml), and IPL composition (150 ml) were taken at regular intervals until the 
cultures were completely lysed. Algal samples were fixed with a 1 % final con-
centration of formaldehyde : hexamine solution (18 % v/v : 10 % w/v). Sam-
ples for virus enumeration were fixed with 25 % gluteraldehyde (EM grade; 
Sigma-Aldrich, St. Louis, USA) to a final concentration of 0.5 %, and incu-
bated for 30 min at 4 ◦C, after which the samples were flash-frozen in liquid 
nitrogen. IPL samples were filtered through 47 mm Whatman GF/F filters 
(nominal pore size 0.7 µm; Maidstone, UK), folded in aluminum foil and flash-
frozen in liquid nitrogen. All samples were stored at −80 ◦C until analysis. A 
second experiment was conducted, with a similar set-up as described above, 
to allow isolation of PgV after complete host-cell lysis (48 h).
Isolation of PgV for lipid extraction
Viruses were isolated and purified according to Vardi et al. (2009) with the 
following adjustments to the original protocol. The 10 L of lysate was gently 
filtered through Whatman GF/C filters (47 mm diameter; nominal pore size 
1.0 µm; Maidstone, UK) in 10 separate batches of 1 L to prevent clogging. Af-
ter concentration by 30 kDa tangential flow filtration (Vivaflow 200; Sartorius 
Stedim Biotech GmbH, Göttingen, Germany), the remaining 50 ml of concen-
trated lysate was spun down into a 25 % OptiPrepTM (iodixanol) (Axis-Shield, 
Dundee, UK) solution. This was carried out by ultracentrifugation (Centrikon 
T-1080; Kontron Instruments, Watford, UK) in 12 ml ultraclear ultracentri-
fuge tubes (Beckman Coulter Inc., Brea, CA) in a swing- out rotor (SW41TI; 
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4Beckman Coulter, Palo Alto, USA) at approximately 100 000×g for 2 h. Sub-
sequently, the lower layer containing the 25 % OptiprepTM and viruses was 
pipetted on top of prepared density gradients containing 30, 35, 40 and 45 % 
OptiprepTM. After ultracentrifugation (as described above, but at 200 000×g 
for 4 h), the tubes were pierced with a sterile syringe needle to take out the 
clearly visible band containing PgV. The sample was gently filtered onto 0.02 
µm Anodisc filters (25 mm diameter; Whatman, Maidstone, UK), which were 
stored in 20 ml glass scintillation vials (Packard bioscience, Meriden, USA) at 
−80 ˚C until analysis. During each step viral abundance samples were taken 
to confirm the recovery of viruses during filtration and centrifugation.
Algal and viral abundance
Samples to use for algal and viral enumeration were analyzed using a bencht-
op BD FACSCalibur flow cytometer with a 488 nm argon laser (BD Bioscien-
ces, San Jose, USA). Algal abundances were determined without dilution by 
chlorophyll red autofluorescence and side scatter (Marie et al. 1999). Virus 
samples were, once thawed, diluted 100 to 10 000-fold in sterile TE buffer 
(pH = 8) according to Brussaard (2004). In short, PgVs were stained with the 
nucleic acid-specific dye SYBR Green I to a final concentration of 0.5×10−4 of 
the commercial stock (Life technologies Ltd. Paisley, UK) for 10 min at 80 ˚C 
and discriminated by their green fluorescence and side scatter signal. All flow 
cytometry data were analyzed using CYTOWIN 4.31 (Vaulot 1989).
Intact polar lipid analysis
After freeze-drying, the GF/F filters containing the infected P. globosa cells 
were cut into small pieces and extracted using a modified Bligh and Dyer 
(BD) extraction as described by Pitcher et al. (2011). All solvents used in the 
procedures described below were liquid chromatography/mass spectrometry 
(LC/MS) grade, with exception of the dichloromethane (DCM) which was high-
performance liquid chromatography (HPLC) grade. A known volume of single-
phase solvent mixture of methanol (MeOH) : DCM : phosphate buffer (2:1:0.8, 
v:v:v) was added to the sample in a glass centrifuge tube and placed in an 
ultrasonic bath for 10 min. The extract and residue were separated by cen-
trifuging at 1000×g for 5 min, and the solvent mixture collected in a separate 
glass flask; this was repeated three times. DCM and phosphate buffer were 
added to the single-phase extract to give a new ratio of MeOH:DCM:phosphate 
buffer (1:1:0.9, v:v:v), and to induce phase separation. The extract was centri-
fuged at 1000×g for 5 min. The DCM phase was collected in a round-bottom 
flask and the MeOH:phosphate buffer phase was washed two additional times 
with DCM. The combined DCM phases were reduced under a stream of N2. 
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4The Anodisc filters containing the viral isolate were extracted in the same way, 
but were ground directly in the BD solvent mixture in a glass tube, using a 
spatula. The polypropylene ring surrounding the filter was removed after the 
first sonication step. A blank filter extraction showed no background IPL con-
taminants. An aliquot of the BD extracts was dissolved in an injection solvent 
composed of hexane:isopropanol:water (72:27:1; v:v:v) and filtered through a 
0.45 µm regenerated cellulose filter (4 mm diameter; Grace, Deerfield, USA) 
prior to analysis by HPLC electrospray ionization MS (HPLC-ESI-MSn) using 
methods modified from (Sturt et al. 2004). Briefly, HPLC separation was con-
ducted on an Agilent 1200 series LC equipped with a thermostated autoinjec-
tor, coupled to a Thermo LTQ XL linear ion trap with Ion Max source with elec-
trospray ionization (ESI) probe (Thermo Scientific, Waltham, MA). For details 
of gradient, column and ESI setting see Sinninghe Damsté et al. (2011). The 
IPLs were identified using a positive ion mode (m/z 400-2000). The four most 
abundant ions from each positive ion full scan were fragmented first to MS2 
(normalized collision energy (NCE) 25, isolation width (IW) 5.0, activation Qz 
0.175) and then to MS3 (NCE 25, IW 5.0, Qz 0.175). Structural identification 
of the IPLs was carried out by comparison with fragmentation patterns of au-
thentic standards as described in Brandsma et al. (2012a). Due to the varying 
ionization efficiencies of the IPLs examined in this study we can not calculate 
the actual abundance of the different lipid groups. Instead, we compare the 
apparent abundance of the IPLs in the total ion chromatograms, which may 
not reflect the actual relative concentrations of the different IPLs in the cells. 
In addition to the characterization of routinely described glycolipids, phosp-
holipids and betaine lipids, we surveyed extracts for the presence of viral gly-
cosphingolipids (vGSL) using the mass spectral characteristics described by 
Vardi et al. (2009) and those of C18:2 / C16:0 glucosylceramide standard (Avanti 
Polar Lipids, Inc., Alabaster, USA). In order to ascertain that our instrument 
sensitivity was sufficient to detect these compounds, a positive control was 
carried out by analysis of an extract of E. huxleyi CCMP1516 (CCMP Cul-
ture collection, Bigelow) infected by EhV-86 (Wilson, personal communica-
tion, 2013). For this host-virus system we were able to detect the described 
viral glycosphingolipid in MS1 as its protonated molecule ([M+H]+) at m/z 804, 
which gave rise to a diagnostic loss of 162 Da in MS2 (data not shown), as in 
Vardi et al. (2009).
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Results
Algal growth and viral dynamics
The non-infected P. globosa cultures grew at maximum growth rate (1.1 d−1) 
throughout the experiment, while viral infection led to a rapid decline of cell 
numbers and full lysis 48 h post-infection (p.i.; Fig. 4.1A). The one-step viral 
growth curve showed a release of newly produced viruses within 12 h p.i. (Fig. 
Figure 4.1 Abundances (normalized to T0) of algal host Phaeocystis globosa (A), and of the 
virus PgV-07T (B). Closed symbols represent the non-infected cultures, the open symbols the 
virally infected cultures. If standard deviation bar is not visible, it falls within the symbol. 
Shaded areas depict dark (night) period and r.a. stands for relative abundance.
Figure 4.2 Flow cytometric signatures of PgV after staining with the green fluorescent l ipid 
stain FM 1-43 (A) and the nucleic acid-specific dye SYBR Green I (B); r.u. stands for relative 
units.
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44.1B) resulting in a burst size of 288 viruses cell−1. PgVs stained well with the 
lipophilic dye FM 1-43 (Fig. 4.2A). The abundance of the FM 1-43 stained PgVs 
was slightly lower (8 %) than the SYBR green I stained PgV abundance (Fig. 
4.2B). The presence of a viral lipid membrane was, furthermore, confirmed 
by total loss of infectivity of PgV-07T upon treatment with 10 and 50 % (v/v) 
diethyl ether or chloroform. 
Intact polar lipids in P. globosa and PgV
Ten classes of IPLs (see Fig. 4.3 for structures) were detected in the cultures 
at the start  of  the  experiment (Fig. 4.4A), i.e. the glycolipids monogalacto-
syldiacylglycerols (MGDGs), digalactosyldiacylglycerols (DGDGs), glycosphin-
golipids (GSLs) and sulfoquinovosyl-diacylglycerols (SQDGs); the phospholip-
ids phosphatidylethanolamines (PEs), dimethylphosphatidylethanolamines 
(DMPEs), phosphatidylglycerols (PGs) and phosphatidylcholines (PCs) and the 
betaine lipids diacylglyceryl hydroxymethyltrimethyl-β-alanines (DGTAs) and 
diacylglyceryl carboxyhydroxymethylcholines (DGCCs). After 24 and 48 h the 
non-infected controls only showed minor changes in IPL composition, with 
a decrease of the relative contribution of the MGDGs and an increase of the 
PGs relative to the initial contributions (Table 4.1, Fig. 4.4B). Comparison be-
tween the control and virally infected cultures did not reveal any substantial 
differences (Fig. 4.4C, Table 4.1). The algal host DMPEs, which were detected 
in low levels in the control cultures at T48, were not detected in the infected 
cultures at T48, most likely due to the decrease in cellular material over the 
course of the viral infection. Glycosphingolipids with [M+H]+ ions of m/z 780, 
778, 766 and 764 were detected. These were all identified by the presence of a 
MS2 product ion arising from a loss of 180 Da from the [M+H]+ ion, and a less 
abundant product ion arising from loss of 162 Da. The MS3 spectra of m/z 778 
Table 4.1 The relative distribution of the intact polar lipids (IPLs) in the control and infected 
P. globosa cultures at three time points and in the virus PgV-07T. Relative ionization of the 
compounds per treatment is depicted by plusses (+), or by “Tr.” (trace) when below 5 % of the 
total ionization. Minus (−) shows a complete absence. Due to their low abundance, detection 
of the PEs and DMPEs was not consistent; hence they were not included in the IPL sum.
MGDGs DGDGs SQDGs PC PG DGTA DGCC GSL
T0 Control ++ + Tr. +++ Tr. + ++ Tr.
Infected ++ + Tr. +++ Tr. + ++ Tr.
T24 Control + + Tr. +++ + + ++ Tr.
Infected + + Tr. +++ + + ++ Tr.
T48 Control + + Tr. +++ + + ++ Tr.
Infected + + Tr. +++ + + ++ Tr.
PgV Tr. Tr. - ++++ + + ++ Tr.
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4and 780 both contained product ions at m/z 257 and 275, the same as those 
ascribed to the C19:3 alkyl chain of host-glycosphingolipids (hGSL) in E. huxleyi 
(Vardi et al., 2012). While the MS2 and MS3 spectra of both m/z 766 and 764 
exhibited similar characteristics to those arising from the m/z 780 and 778 
ions, full structural elucidation was not possible from ion-trap MS spectra. As 
all four glycosphingolipids were found equally present in both the infected and 
control cultures and were thus not affected by viral infection; further structur-
al identification of the compounds fell outside of the scope of this study. Viral 
glycosphingolipids (vGSLs), with a dominant loss of 162 Da, as described by 
Vardi (2009), were not detected.
Figure 4.3 Structural formulas of the main IPL classes belonging to the glycolipids mono-
galactosyldiacylglycerols (MGDGs), digalactosyldiacylglycerols  (DGDGs),  glycosphingolipids 
(GSLs) and sulfoquinovosyldiacylglycerols (SQDGs); the phospholipids phosphatidylethanol-
amines (PEs), dimethylphosphatidylethanolamines (DMPEs), phosphatidylglycerols (PGs) and 
phosphatidylcholines (PCs) and the betaine lipids diacylglyceryl hydroxymethyltrimethyl-β-al-
anines (DGTAs) and diacylglyceryl carboxyhydroxymethylcholines  (DGCCs).  The acyl groups 
are represented by R1 and R2.
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4Figure 4.4 Partial base-peak chromatograms (MS1, m/z 400-2000) of non-infected P. globo-
sa at T0 (A) and T48 (B), virally infected P. globosa at T48 (C), and the virus PgV-07T (D).
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4The fatty acid moieties of the IPLs (IPL-FAs), determined using the frag-
ment patterns observed in the MS2 spectra of the [M+H]+ ions exhibited only 
minor changes in composition due to the viral infection (data not shown). For 
example, the MGDG-FA distribution did not change significantly in the control 
cultures over the 48 h experiment. However, in the infected cultures there 
was a relative increase in C14:0, 18:1 and C16:0, 18:1 MGDGs, with a concomitant 
decrease or little change in the polyunsaturated MGDG-FAs and no change in 
the saturated MGDG-FAs (data not shown). Similarly, there were differences 
in the relative contribution of different PC-FAs (data not shown) between the 
infected and control cultures at T48. The infected cultures contained slightly 
more of the C32:4, C34:4, C34:5 and C40:11 PC-FAs, although somewhat less of the 
C40:10, C42:11 and C44:12 PC-FAs.
The IPL composition of PgV-07T was quite distinct from that of the host, 
with the PCs forming a much more substantial part of the IPLs than in the 
host. Of the other phospholipids (Fig. 4.4D, Table 4.1), PGs were also present, 
but PEs and DMPEs were not detected. Both betaine classes were detected in 
the viral isolate. The glycolipids were responsible for the largest difference in 
IPL composition between the virus and host. The contribution of the MGDGs 
and DGDGs to the sum of IPLs was reduced in the virus relative to the host 
and the SQDGs were not detected at all. As mentioned above for the host, the 
vGSLs described by Vardi (2009), were also not detected in the virus.
The IPL-FA composition of PgV-07T was for some IPL classes quite dis-
tinct from that of P. globosa (Tables 4.S1 and 2). The MGDGs, DGDGs and 
DMPEs in the virus comprised a smaller range of fatty acids than those in the 
host while the PGs, DGCCs and DGTAs in the virus exhibited almost identical 
ranges of fatty acids as they had in the host. Only the virus PCs contained ad-
ditional fatty acids that were not detected in the host: C34:7, C36:8−10, C38:4, C38:10, 
C42:12, C42:13 and C44:11 PC-FAs (Table 4.S1 and 2).
Discussion
The present study showed that the IPL composition of the prymnesiophyte 
P. globosa G(A) was not substantially affected by viral infection, except for 
minor changes in the IPL-FA combinations. However, the IPL composition of 
the virus PgV-07T was different from the host’s lipid composition, suggesting 
a selective acquisition of these compounds. We have not encountered any 
virus-specific lipids that were not detected in the non-infected host. This is in 
contrast to the finding of viral glycosphingolipids in another prymnesiophyte 
virus-host model system, i.e. EhV-86 and Emiliania huxleyi CCMP374. Phylo-
genetically related virus-phytoplankton systems may thus have very different 
lipid-related features during viral propagation.
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4Impact of viral infection on host lipid composition
The IPL classes detected in P. globosa originate from all cellular components, 
including the cell membrane as well as intracellular membranes from the chlo-
roplasts and other organelles. In previous studies, environmental factors such 
as irradiance (Guschina & Harwood 2009), but also viral infection (Vardi et al. 
2009) were shown to affect the composition of these host IPLs. For instance, it 
is known that viral infection typically induces a membranous rearrangement 
in the host to compartmentalize viral replication (den Boon et al. 2010). In our 
study we did not observe a strong impact by viral infection on the composition 
of IPL classes of P. globosa, nor did the diel cycle have an effect. Minor dif-
ferences in the IPL-FA distribution of some of the IPLs associated with viral 
infection were observed. Evans et al. (2009) showed that viral infection of E. 
huxleyi CCMP1516 led to a relative decrease in polyunsaturated fatty acids. In 
our study, the changes in host IPL-FAs during infection were only minor, i.e. a 
decrease of certain FAs amongst the MGDGs, DGDGs and DMPEs.
Acquisition of intact polar lipids from the host
By staining the viruses with a lipophilic dye, we have shown that PgV-07T 
possesses a lipid membrane. The complete loss of infectivity of PgV-07T after 
treatment with diethyl ether and chloroform indicates that this membrane 
plays a crucial role in the infection of P. globosa. Based on trans- mission 
electron microscopy (TEM) thin-section images, the Group I PgVs (i.e. 150 
nm large NCLDVs with a thin outer layer surrounding a layered inner core, to 
which PgV-07T belongs), are assembled in the cytoplasm and leave the host 
after disruption of the cell membranes (Baudoux & Brussaard, 2005). Thus, 
in contrast with EhV-86 (Mackinder et al. 2009), PgV seems to obtain its lipid 
membrane in the host cytoplasm and not from the cell membrane. The lipids 
of PgV are then either allocated, newly synthesized or obtained from other 
membranes, such as the endoplasmatic reticulum (E.R.) or the Golgi system 
(den Boon et al. 2010, Heaton & Randall 2011). Meints et al. (1986) showed 
the appearance of membranous structures at the sites of virus assembly in 
Chlorella sp. This virus, called PBCV-1, belongs to the Phycodnaviridae and 
is thought to obtain these lipid membranes from the host endoplasmatic re-
ticulum (Wilson et al. 2009). The origin and patterns of PgV replication in 
the host cell, i.e. formation of virions in the cytoplasm and virus release in 
a single burst (Baudoux & Brussaard, 2005), show a strong resemblance to 
PBCV-1 (Meints et al. 1986). Using electron cryomicroscopy, Yan et al. (2000, 
2005) confirmed that not only PBCV-1, but also the Phaeocystis pouchetii vi-
rus PpV01, contains a membrane covering the inside of the capsid. Regarding 
the similarity in patterns of infection between these viruses and PgV-07T, it is 
likely that PgV-07T also possesses an intracapsid membrane. 
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higher proportions than the glyco- and betaine lipids. The PCs, considered 
to be the most dominant phospholipids in phytoplankton (Van Mooy et al. 
2009) were well represented in P. globosa and, probably due to its ubiquity 
in all cellular membranes (Thompson 1996), in the virus as well. Some viral 
PCs contained additional fatty acids that were not found in the host. While it 
is possible that these PCs were the products of de novo synthesis, it can also 
be that they were present in the host but were in too low a concentration to 
be detected. Indeed, in PgV they constitute only a minor fraction of the total 
amount of PCs (data not shown). The PgV extract contained a higher propor-
tion of PCs than the host and may have also contained less sample matrix, 
factors which would make it easier to detect individual PCs that are present 
in low abundance. 
The second most important group of phospholipids in P. globosa, the 
PGs, are known to be abundant in chloroplasts and other organelles, such 
as the endoplasmatic reticulum (Schwertner & Biale 1973). The source of the 
viral lipid membrane could be associated with such organelles. The PEs and 
DMPEs were not detected in the virus, but even in the infected cultures they 
were only present in trace amounts. These compounds have been shown to be 
precursors in the methylation pathway of PC in bacteria (Aktas & Narberhaus 
2009) and yeast (Kanipes & Henry 1997), while this is the case for PEs in the 
phytoplankton species Chlamydomonas reinhardtii (Yang et al. 2004). PEs and 
DMPEs have furthermore been shown to be associated to small organelles 
such as mitochondria (Schwertner & Biale 1973). For the infected lysing P. 
globosa cultures, such organelles might have been lost by passing through the 
GF/F filter during sampling of the infected cultures.
The betaine lipids in the PgV membrane were relatively low in relation 
to their contribution to the total lipids in the algal host. Interestingly, DG-
TAs have been found in algal thylakoid membranes (Murata 1998). TEM thin 
sections and epifluorescence microscopy of infected P. globosa cells (data not 
shown) illustrate that the integrity of the chloroplast of P. globosa is largely 
unaffected far into the viral growth cycle, leaving the chloroplast membranes 
intact. The DGTAs in P. globosa might also be mainly associated with the 
membranes of the unaffected chloroplast and therefore present in lower rela-
tive amounts in the membrane of PgV-07T.
The relative loss of glycolipids, including the apparently complete loss 
of SQDGs in the virus, is probably due to the same process. The four classes of 
glycolipids detected in P. globosa are generally associated with the chloroplast 
in algae and higher plants (Guschina & Harwood, 2009, Sato 2009). With a 
roughly 50 % contribution, the MGDGs often comprise the majority of the 
chloroplast lipids, while the other half is composed of DGDGs, SQDGs and 
phospholipids. GSLs have not been found in chloroplasts, but their synthesis 
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sphingolipid biosynthesis was found to lead to the disruption of the chloro-
plast membranes in the vascular plant Datura stramonium (Abbas et al. 1992, 
Chen et al. 2009). Additionally, GSLs are also found in plant cell membranes, 
where they can account for up to 27 mol % of lipids (Chen et al. 2009). In this 
case both the association to the chloroplast and the cell membranes could 
account for the relative loss of GSLs in PgV-07T.
In summary, our results suggest that PgV-07T acquired its lipid mem-
brane mainly in the host cytoplasm and that the chloroplast membranes as 
well as the cell membrane were not utilized. Since we did not find any group 
of IPLs in the infected cultures or the virus that were not also detected in 
the non-infected culture, we hypothesize that PgV-07T selectively recruits its 
lipids from existing membranes, such as the E.R. or the Golgi apparatus. 
Examination of the composition of these membranes could clarify this issue.
Glycosphingolipids as markers for viral infection
Although we detected a group of GSLs in both the non- infected and infected 
P. globosa cells, we did not observe the specific vGSLs that Vardi et al. (2009) 
described as being synthesized in infected E. huxleyi cells and being part of 
the viral membrane. Indeed, the four viral genes involved in the synthesis of 
this vGSL and transcribed during infection (Wilson et al. 2005) were found to 
be absent in the genome of PgV-016T (Santini et al. 2013). This virus belongs 
to the same group of PgVs (Group I), as PgV-07T as PgV-07T, as based on e.g. 
genome and particle size (Baudoux & Brussaard 2005), but could still be dif-
ferent in other characteristics since it was found to belong to a different phy-
logenetic cluster based on the DNA polymerase gene (Santini et al. 2013). The 
difference in infection mechanisms is especially interesting since P. globosa 
and E. huxleyi both belong to the same class of algae, namely the Prymnesi-
ophyceae, and both PgV-07T and EhV-86 are NCLDVs (Baudoux & Brussaard 
2005; Wilson et al. 2005). E. huxleyi has been extensively used as a model sys-
tem to study specific features of algal virus-host interactions, such as caspase 
activity (Bidle et al. 2007), host entry, departure and viral envelope acquisition 
(Mackinder et al. 2009) and now the involvement of vGSLs (Vardi et al., 2009). 
Comparison of these and additional virological aspects with those of PgV-07T 
(Group I) and other known members of phytoplankton infecting NCLDVs, i.e. 
PgVs from Group II, PpV-01, PBCV-1, Chrysochromulina ericina virus (CeV-
01B) and Pyramimonas orientalis virus (PoV-01B), suggests that the infection 
strategy of EhV-86 is rather uncommon amongst the known phytoplankton 
viruses (Yan et al. 2000, Sandaa et al. 2001, Baudoux & Brussaard 2005, 
Mackinder et al. 2009, Van Etten et al. 2010). Thus, the use of lipid bio-
markers for viral infection of phytoplankton (Vardi et al. 2012) might only be 
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not be generally applicable. More data on lipids in other virus-phytoplankton 
systems must be acquired in order to address this issue. 
Acknowledgements
We thank two anonymous reviewers for their constructive comments which 
improved the manuscript. We dedicate this paper to Carlo Heip († 15 February 
2013). D. S. Maat was supported by a grant to C. P. D. Brussaard of the Royal 
Netherlands Institute for Sea Research (NIOZ) for funding of this project. NIOZ 
is an institute of the Netherlands Organization for Scientific Research (NWO). 
N. J. Bale was supported by a grant (839.08.331) to J. S. Sinninghe Damsté 
of The National Ocean and Coastal Research Programme (ZKO) supported by 
NWO.
94
Chapter 4
4References
 ▪ Abbas HK, Paul RN, Boyette CD, Duke SO, Vesonder RF (1992) Physiological and ul-
trastructural effects of fumonisin on Jimsonweed leaves. Can J Botany 70:1824-1833.
 ▪ Aktas M, Narberhaus F (2009) In vitro characterization of the enzyme properties 
of the phospholipid N-methyltransferase PmtA from agrobacterium tumefaciens. J 
Bacteriol 191:2033-2041.
 ▪ Arrigo KR, Robinson DH, Worthen DL, Dunbar RB, DiTullio GR, VanWoert M, Lizotte 
MP (1999) Phytoplankton community structure and the drawdown of nutrients and 
CO2 in the Southern Ocean. Science 283:365-367.
 ▪ Bamford DH, Caldentey J, Bamford JKH (1995) Bacteriophage PRD1 - A broad-host-
range dsDNA Tectivirus with an internal membrane. Advances in Virus Research 
45:281-319.
 ▪ Baudoux A-C, Brussaard CPD (2005) Characterization of dif- ferent viruses infecting 
the marine harmful algal bloom species Phaeocystis globosa. Virology 341:80-90.
 ▪ Baudoux A-C, Brussaard CPD (2008) Influence of irradiance on virus-algal host 
interactions. J Phycol 44:902-908.
 ▪ Bidle KD, Haramaty L, Barcelos e Ramos J, Falkowski P (2007) Viral activation and 
recruitment of metacaspases in the unicellular coccolithophore, Emiliania huxleyi. 
PNAS 104:6049-6054.
 ▪ Brandsma J, Hopmans EC, Brussaard CPD, Witte HJ, Schouten S, Sinninghe 
Damsté JS (2012a) Spatial distribution of intact polar lipids in North Sea surface 
waters: relationship with environmental conditions and microbial community com-
position. Limnol Oceanogr 57:959-973.
 ▪ Brandsma J, Hopmans EC, Philippart CJM, Veldhuis MJW, Schouten S, Sinninghe 
Damsté JS (2012b) Low temporal variation in the intact polar lipid composition of 
North Sea coastal marine water reveals limited chemotaxonomic value. Biogeosci-
ences 9:1073-1084.
 ▪ Brussaard, CPD (2004) Optimization of procedures for counting viruses by flow cy-
tometry. Appl Environ Microb 70:1506-1513.
 ▪ Brussaard CPD, Martínez Martínez J (2008) Algal bloom viruses. In: Plant Viruses; 
ed: Teixeira da Silva JA. Global Science Books. pp 1-13.
 ▪ Brussaard CPD, Short SM, Frederickson CM, Suttle CA (2004) Isolation and phy-
logenetic analysis of novel viruses infecting the phytoplankton Phaeocystis globosa 
(Prymnesiophyceae). Appl Environ Microb 70:3700-3705.
 ▪ Chen M, Cahoon EB, Saucedo-Garcia M, Plasencia J, Gavilanus-Ruiz M (2009) 
Plant sphingolipids: structure, synthesis and function. In: Lipids in photosynthesis: 
essential and regulatory functions; ed: Hajime Wada  NM. Springer, Dordrecht, The 
Netherlands. pp 77-115.
 ▪ Cottrell MT, Suttle CA (1991) Wide-spread occurrence and clonal variation in viru-
ses which cause lysis of a cosmopolitan, eukaryotic marine phytoplankter, Micromo-
nas-pusilla. Mar Ecol-Prog Ser 78:1-9.
95
Lipid composition of Phaeocystis globosa and virus
4 ▪ Den Boon JA, Diaz A, Ahlquist P (2010) Cytoplasmic Viral Replication Complexes. 
Cell Host Microbe 8:77-85.
 ▪ Evans C, Pond DW, Wilson WH (2009) Changes in Emiliania huxleyi fatty acid pro-
files during infection with E. huxleyi virus 86: physiological and ecological implicati-
ons. Aquat Microb Ecol 55:219-228.
 ▪ Feldman HA, Wang SS (1961) Sensitivity of various viruses to chloroform. Exp Biol 
Med 106;736-738.
 ▪ Guillard RR, Ryther JH (1962) Studies of marine planktonic diatoms. 1. Cylotella 
nana hustedt, and Detonula convervacea (cleve) gran. Can J Microb 8:229-239.
 ▪ Guschina IA, Harwood JL (2009) Algal lipids and effect of the environment on their 
biochemistry. In: Lipids in aquatic ecosystems; eds: Arts MT, Kainz MJ, Brett MT. 
Springer, Dordrecht, The Netherlands. pp 1-24.
 ▪ Harrison PJ, Waters RE, Taylor FJR (1980) A broad-spectrum artificial seawater 
medium for coastal and open ocean phytoplankton. J Phycol 16:28-35.
 ▪ Heaton NS, Randall G (2011) Multifaceted roles for lipids in viral infection. Trends 
Microb 19:368-375.
 ▪ Kanipes MI, Henry SA (1997) The phospholipid methyltransferases in yeast. Bio-
chim Biophys Acta 1348:134-141. 
 ▪ Mackinder LCM, Worthy CA, Biggi G, Hall M, Ryan KP, Varsani A, Harper GM, Wil-
son WH, Brownlee C, Shroeder DC (2009) A unicellular algal virus, Emiliania huxleyi 
virus 86, exploits an animal-like infection strategy J Gen Virol 90:2306-2316.
 ▪ Marie D, Brussaard CPD, Thyrhaug R, Bratbak G, Vaulot D (1999) Enumeration 
of marine viruses in culture and natural samples by flow cytometry. Appl Environ 
Microb 65:45-52.
 ▪ Meints RH, Lee K, VanEtten JL (1986) Assembly site of the virus PBCV-1 in a Chlo-
rella-like green-alga - ultrastructural studies. Virology, 154:240-245.
 ▪ Moon-van der Staay SY, van der Staay GWM, Guillou L, Vaulot D, Claustre H, Med-
lin LK (2000) Abundance and diversity of Prymnesiophytes in the picoplankton com-
munity from the equatorial Pacific Ocean inferred from 18S rDNA sequences. Limnol 
Oceanogr 45:98-109.
 ▪ Murata N, Siegenthaler P (1998) Lipids in photosynthesis: an overview.  In: Lipids 
in photosynthesis: structure, function and genetics; ed: Siegenthaler P, Murata N. 
Kluwer Academic Publishers, Dordrecht, the Netherlands. pp 1-20.
 ▪ Olsen RH, Siak JS, Gray RH (1974) Characteristics of PRD1, a plasmid-dependent 
broad host range DNA bacteriophage. J Virol 14:689-699.
 ▪ Pitcher A, Villanueva L, Hopmans EC, Schouten S, Reichart G-J, Sinninghe Damsté 
JS (2011) Niche segregation of ammonia-oxidizing archaea and anammox bacteria 
in the Arabian Sea oxygen minimum zone. ISME J, 5:1896-1904.
 ▪ Sandaa RA, Heldal M, Castberg T, Thyrhaug R, Bratbak G (2001) Isolation and 
characterization of two viruses with large genome size infecting Chrysochromulina 
ericina (Prymnesiophyceae) and Pyramimonas orientalis (Prasinophyceae). Virology 
290:272-280.
96
Chapter 4
4 ▪ Santini S, Jeudy S, Bartoli J, Poirot O, Lescot M, Abergel C, Barbe V, Wommack 
KE, Noordeloos AM, Brussaard CPD, Claverie JM (2013) The genome of Phaeocystis 
globosa virus PgV-16T highlights the common ancestry of the largest known DNA 
viruses infecting eukaryotes. PNAS 10800-10805.
 ▪ Sato N, Wada H (2009) Lipid biosynthesis and it regulation in cyanobacteria. In: 
Lipids in photosynthesis: essential and regulatory functions; ed: Hajime Wada NM. 
Springer, Dordrecht, The Netherlands. pp 157-177.
 ▪ Schoemann  V,  Becquevort  S,  Stefels  J,  Rousseau  W,  Lancelot C (2005) Phaeo-
cystis blooms in the global ocean and their controlling mechanisms: a review. J Sea 
Res 53:43-66. 
 ▪ Schwertner HA, Biale JB (1973) Lipid composition of plant mitochondria and of 
chloroplasts. J Lipid Res 14:235-242.
 ▪ Sheik AR, Brussaard CPD, Lavik G, Foster RA, Musat N, Adam B, Kuypers MMM 
(2013) Viral infection of Phaeocystis globosa impedes release of chitinous star-like 
structures: quantification using single cell approaches. Environ Microb 15:1441-
1451.
 ▪ Sinninghe Damsté JS, Rijpstra WIC, Hopmans EC, Weijers JWH, Foesel BU, Over-
mann J, Dedysh SN (2011) 13, 16-Dimethyloctacosanedioic acid (iso-diabolic acid), 
a common membrane-spanning lipid of Acidobacteria subdivisions 1 and 3. Appl 
Environ Microb 77:4147-4154.
 ▪ Smith WO, Codispoti LA, Nelson DM, Manley T, Buskey EJ, Niebauer HJ, Cota GF 
(1991) Importance of Phaeocystis blooms in the high-latitude ocean carbon cycle. 
Nature 352:514-516.
 ▪ Stefels J, Boekel WHM (1993) Production of DMS from dissolved DMSP in axenic 
cultures of the marine phytoplankton species Phaeocystis sp. Mar Ecol-Prog Ser 
97:11-18. 
 ▪ Sturt HF, Summons RE, Smith K, Elvert M, Hinrichs KU (2004) Intact polar mem-
brane lipids in prokaryotes and sediments deciphered by high-performance liq-
uid chromatography/electrospray ionization multistage mass spectrometry - new 
biomarkers for biogeochemistry and microbial ecology. Rapid Commun Mass Sp 
18:617-628.
 ▪ Suttle CA (1993) Enumeration and isolation of viruses; In: Current methods in 
aquatic microbial ecology; eds: Kemp PF, Sherr BF, Sherr EF, Cole JJ. Lewis Pub-
lishers, Boca Raton, FL, USA. pp 121-134.
 ▪ Thompson GA (1996) Lipids and membrane function in green algae. Biochim Bio-
phys Acta 1302:17-45.
 ▪ Van Etten JL, Lane LC, Dunigan DD (2010) DNA Viruses: The Really Big Ones (Gi-
ruses). In: Annu Rev Microb; ed: Gottesman S, Harwood CS, Palo Alto, CA, USA. pp 
82-99.
 ▪ Van Mooy BAS, Fredricks HF, Pedler BE, Dyhrman ST, Karl DM, Koblizek M, Lomas 
MW, Mincer TJ, Moore LR, Moutin T, Rappe MS, Webb EA (2009) Phytoplankton in 
the ocean use non-phosphorus lipids in response to phosphorus scarcity. Nature 
458:69-72.
97
Lipid composition of Phaeocystis globosa and virus
4 ▪ Vardi A, Van Mooy BAS, Fredricks HF, Popendorf KJ, Ossolinski JE, Haramaty L, 
Bidle KD (2009) Viral glycosphingolipids induce lytic infection and cell death in ma-
rine phytoplankton. Science 326:861-865.
 ▪ Vardi A, Haramaty L, Van Mooy BAS, Fredricks HF, Kimmance SA, Larsen A, Bidle 
KD (2012) Host-virus dynamics and subcellular controls of cell fate in a natural 
coccolithophore population. PNAS 109:19327-19332.
 ▪ Vaulot D (1989) CYTOPC: Processing software for flow cytometric data.
 ▪ Wilhelm SW, Suttle CA (1999) Viruses and Nutrient Cycles in the Sea - Viruses play 
critical roles in the structure and function of aquatic food webs. Bioscience 49:781-
788.
 ▪ Wilson WH, Schroeder DC, Allen MJ, Holden MTG, Parkhill J, Barrell BG, Churcher 
C, Harnlin N, Mungall K, Norbertczak H, Quail MA, Price C, Rabbinowitsch E, Walk-
er D, Craigon M, Roy D, Ghazal P (2005) Complete genome sequence and lytic phase 
transcription profile of a coccolithovirus. Science 309:1090-1092.
 ▪ Wilson WH, Van Etten JL, Allen MJ (2009) The Phycodnaviridae: The story of how 
tiny giants rule the world. In: Current Topics in Microbiology and Immunology; ed: 
van Etten JL, Springer-Verlag, Berlin Heidelberg, Germany. pp 1-24.
 ▪ Yan XD, Olson NH, Van Etten JL, Bergoin M, Rossmann MG, Baker TS (2000) Struc-
ture and assembly of large lipid- containing dsDNA viruses, Nat Struct Biol 7:101-
103.
 ▪ Yan XD, Chipman PR, Castberg T, Bratbak G, Baker TS (2005) The marine algal vi-
rus PpV01 has an icosahedral capsid with T = 219 quasisymmetry. J Virol 79:9236-
9243.
 ▪ Yang WY, Moroney JV, Moore TS (2004) Membrane lipid biosynthesis in Chlam-
ydomonas reinhardtii: ethanolaminephosphotransferase is capable of synthesizing 
both phosphatidylcholine and phosphatidylethanolamine. Arch Biochem Biophys 
430:198-209.
98
Chapter 4
4Ta
bl
e 
4.
S1
 P
. g
lo
bo
sa
 f
at
ty
 a
ci
d 
co
m
bi
n
at
io
n
s 
of
 t
h
e 
di
ffe
re
n
t 
in
ta
ct
 p
ol
ar
 l
ip
id
 g
ro
u
ps
: 
m
on
og
al
ac
to
sy
ld
ia
cy
lg
ly
ce
ro
ls
 (
M
G
D
G
s)
, 
di
-
ga
la
ct
os
yl
di
ac
yl
gl
yc
er
ol
s 
(D
G
D
G
s)
, s
u
lfo
qu
in
ov
os
yl
di
ac
yl
gl
yc
er
ol
s 
(S
Q
D
G
s)
, p
h
os
ph
at
id
yl
et
h
an
ol
am
in
es
 (P
E
s)
, d
im
et
h
yl
ph
os
ph
at
id
yl
-
et
h
a
n
ol
a
m
in
es
 (
D
M
P
E
s)
, 
p
h
os
p
h
a
ti
d
yl
gl
yc
er
ol
s 
(P
G
s)
, 
p
h
os
p
h
a
ti
d
yl
ch
ol
in
es
 (
P
C
s)
, 
d
ia
cy
lg
ly
ce
ry
l 
h
yd
ro
xy
m
et
h
yl
tr
im
et
h
yl
-β
-a
la
n
in
es
 
(D
G
TA
s)
 a
n
d 
di
ac
yl
gl
yc
er
yl
 c
ar
bo
xy
h
yd
ro
xy
m
et
h
yl
ch
ol
in
es
 (D
G
C
C
s)
. T
h
e 
se
pa
ra
te
 fa
tt
y 
ac
id
 c
om
bi
n
at
io
n
s 
ar
e 
gi
ve
n
 in
 b
ra
ck
et
s 
w
h
er
e 
fr
a
gm
en
ta
ti
on
 a
ll
ow
ed
 i
d
en
ti
fi
ca
ti
on
.
M
G
D
G
s
C
28
:0
 (1
4:
0,
14
:0
)
C
30
:0
 (1
4:
0,
16
:0
)
C
30
:1
C
30
:2
C
32
:1
 (1
4:
0,
18
:1
)
C
32
:2
 (1
4:
0,
18
:2
)
C
32
:3
 (1
4:
0,
18
:3
)
C
32
:4
 (1
4:
0,
18
:4
)
C
32
:5
 (1
4:
0,
18
:5
)
C
34
:1
 (1
6:
0,
18
:1
)
C
34
:2
 (1
6:
0,
18
:2
)
C
34
:3
C
34
:4
 (1
6:
0,
18
:4
)
C
34
:5
 (1
6:
1,
18
:4
)
C
34
:6
C
34
:7
 (1
6:
2,
18
:5
)
C
34
:8
C
34
:9
C
35
:2
 (1
8:
1,
18
:1
)
C
35
:3
C
35
:4
C
35
:5
 (
1
8
:1
,1
8
:4
;1
8
:2
,1
8
:3
)
C
35
:6
 (
1
8
:2
,1
8
:4
;1
8
:3
,1
8
:3
;1
8
:1
,1
8
:5
)
C
35
:7
 (
1
8
:2
,1
8
:5
;1
8
:3
,1
8
:4
)
C
35
:8
 (
1
8
:4
,1
8
:4
;1
8
:3
,1
8
:5
;1
8
:1
,1
8
:6
)
C
35
:9
 (
1
8
:4
,1
8
:5
;1
8
:3
,1
8
:6
)
D
G
D
G
s
C
32
:2
 (1
4:
0,
18
:2
)
C
32
:3
 (1
4:
0,
18
:3
)
C
32
:4
 (1
4:
0,
18
:4
)
C
32
:5
 (1
4:
0,
18
:5
)
C
34
:2
 (1
6:
0,
18
:2
)
C
34
:3
 (1
6:
0,
18
:3
)
C
34
:4
 (1
6:
0,
18
:4
)
C
34
:5
 (1
6:
0,
18
:5
)
C
34
:6
 (1
6:
2,
18
:5
)
C
36
:2
 (1
8:
1,
18
:1
)
C
36
:3
  
C
36
:4
   
C
36
:1
0 
(1
8:
5,
18
:5
)
SQ
D
G
s
C
32
:1
 (1
4:
0,
18
:1
)
C
36
:7
 (1
8
:3
,1
8
:4
; 
1
8
:5
,1
8
:2
)
PE
s
C
36
:6
  (
22
:6
,1
4:
0)
C
44
:1
2 
(2
2:
6,
22
:6
)
D
M
PE
s
C
36
:6
 (2
2:
6,
14
:0
)
C
38
:6
 (2
2:
6,
16
:0
)
C
44
:1
2 
(2
2:
6 
,2
2:
6)
PG
s
C
36
:7
 (2
0:
5,
 1
6:
2)
C
38
:6
 (2
2:
6,
16
:0
)
C
40
:6
 (2
2:
6,
18
:0
)
PC
s
C
32
:4
 (1
8:
4,
14
:0
)
C
34
:4
C
34
:5
C
36
:4
C
36
:5
C
36
:6
 (1
8:
4,
14
:0
)
C
36
:7
C
38
:6
C
38
:7
C
38
:8
C
38
:9
C
40
:6
C
40
:7
C
40
:8
C
40
:9
C
40
:1
0
C
40
:1
1
C
42
:1
1
C
44
:1
2 
(2
2:
6,
22
:6
)
D
G
TA
s
C
34
:1
 (1
6:
0,
18
:1
)
C
34
:2
C
34
:3
 (1
6:
1,
18
:2
)
C
34
:4
 (1
6:
0,
18
:4
)
C
36
:2
 (1
8:
1,
18
:1
)
C
36
:3
C
36
:4
C
36
:5
 (1
6:
0,
20
:5
)
D
G
C
C
s
C
32
:5
 (1
8:
5,
14
:0
)
C
34
:5
 (1
6:
0,
18
:5
)
C
36
:6
 (1
8:
1,
18
:5
)
C
38
:6
 (1
6:
0,
22
:6
)
C
38
:1
0 
(2
0:
5,
18
:5
)
C
40
:1
1 
(2
2:
6,
18
:5
)
C
44
:1
2 
(2
2:
6,
22
:6
)
Supporting information
99
Lipid composition of Phaeocystis globosa and virus
4Ta
bl
e 
4.
S2
 P
gV
-0
7T
 f
at
ty
 a
ci
d 
co
m
bi
n
at
io
n
s 
of
 t
h
e 
di
ffe
re
n
t 
in
ta
ct
 p
ol
ar
 li
pi
d 
gr
ou
ps
: 
m
on
og
al
ac
to
sy
ld
ia
cy
lg
ly
ce
ro
ls
 (M
G
D
G
s)
, 
di
ga
-
la
ct
os
yl
di
ac
yl
gl
yc
er
ol
s 
(D
G
D
G
s)
, 
su
lfo
qu
in
ov
os
yl
di
ac
yl
gl
yc
er
ol
s 
(S
Q
D
G
s)
, 
ph
os
ph
at
id
yl
et
h
an
ol
am
in
es
 (
PE
s)
, 
di
m
et
h
yl
ph
os
ph
at
id
yl
-
et
h
an
ol
am
in
es
 (
D
M
PE
s)
, 
ph
os
ph
at
id
yl
gl
yc
er
ol
s 
(P
G
s)
, 
ph
os
ph
at
id
yl
ch
ol
in
es
 (
PC
s)
, 
di
ac
yl
gl
yc
er
yl
 h
yd
ro
xy
m
et
h
yl
tr
im
et
h
yl
-β
-a
la
n
in
es
 
(D
G
TA
s)
 a
n
d 
di
ac
yl
gl
yc
er
yl
 c
ar
bo
xy
h
yd
ro
xy
m
et
h
yl
ch
ol
in
es
 (D
G
C
C
s)
. T
h
e 
se
pa
ra
te
 fa
tt
y 
ac
id
 c
om
bi
n
at
io
n
s 
ar
e 
gi
ve
n
 in
 b
ra
ck
et
s 
w
h
er
e 
fr
a
gm
en
ta
ti
on
 a
ll
ow
ed
 i
d
en
ti
fi
ca
ti
on
. 
n
.d
. 
=
 n
on
-d
et
ec
te
d
.
M
G
D
G
s
C
28
:0
 (1
4:
0,
14
:0
)
C
30
:0
 (1
4:
0,
16
:0
)
C
30
:1
C
30
:2
C
32
:1
 (1
4:
0,
18
:1
)
C
32
:2
  
C
32
:3
  
C
32
:4
  
C
34
:1
 (1
6:
0,
18
:1
)
C
34
:2
   
C
34
:1
   
D
G
D
G
s
C
32
:1
 (1
4:
0,
18
:1
)
SQ
D
G
s
n
.d
.
PE
s
n
.d
.
D
M
PE
s
C
44
:1
2 
(2
2:
6,
 2
2:
6)
PG
s
C
38
:6
 (2
2:
6,
16
:0
)
C
40
:6
  (
22
:6
,1
8:
0)
PC
s
C
32
:4
C
34
:4
C
34
:5
C
34
:7
C
36
:4
C
36
:5
C
36
:6
C
36
:7
C
36
:8
C
36
:9
C
36
:1
0
C
38
:5
C
38
:6
C
38
:7
C
38
:8
C
38
:9
C
38
:1
0
C
40
:6
C
40
:7
C
40
:8
C
40
:9
C
40
:1
0
C
40
:1
1
C
42
:1
1
C
42
:1
2
C
42
:1
3
C
44
:1
2
C
44
:1
3
D
G
TA
s
C
34
:1
 (1
6:
0,
18
:1
)
C
34
:2
C
34
:3
C
34
:4
 (1
6:
0,
18
:4
)
C
36
:4
D
G
C
C
s
C
32
:5
C
34
:5
 (1
6:
0,
18
:5
)
C
36
:6
C
38
:6
C
38
:1
0 
(2
0:
5,
18
:5
)
C
40
:1
1
C
44
:1
2
100
Chapter 4
4101
Lipid composition of Phaeocystis globosa and virus

Chapter 5
Fatty acid dynamics during viral 
infection of Phaeocystis globosa
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5Abstract 
Previous studies have shown that viral infection can affect the lipid distribu-
tion of phytoplankton, specifically the fatty acid (FA) distribution, and has 
been hypothesized to affect the nutritional value of phytoplankton for higher 
trophic levels. Here, we report the bulk FA distribution as well as the FA dis-
tribution of individual intact polar lipid (IPL) classes of the alga Phaeocystis 
globosa infected with the lytic virus PgV-07T. Analysis of the virus PgV-07T 
itself showed that it contained shorter, more saturated bulk and IPL-bound 
FAs than the host. Viral infection did not affect the bulk or IPL-bound FA 
distribution after 24 h post-infection when cell lysis was initiated, but after 
48 h the bulk FAs remaining in the particulate phase of the infected cultures 
contained 22% less polyunsaturated FAs (PUFAs) compared to the control cul-
tures. This change in the bulk FAs was mainly due to the generation of PUFAs 
that occurred in the control cultures, suggesting that infection prevented P. 
globosa PUFA accumulation. Two of the 7 IPL classes, the monogalactosyldi-
acylglycerols and the sulfoquino-vosyldiacylglycerols, showed about a 10% 
reduction in the percentage of PUFAs upon viral infection. In contrast, the 
digalactosyldiacylglycerols exhibited a 15% increase in PUFAs. This difference 
between the IPL-PUFAs and the bulk FAs is possibly due to a contribution to 
the bulk FA pool of e.g. triacylglycerols. Overall, these results suggest that 
grazing on infected cells and filter feeder uptake of post-lysis cell debris could 
lead to a transfer of relatively lower amounts of PUFAs to higher trophic levels.
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5Introduction
Marine viruses affect phytoplankton population dynamics through the reduc-
tion in biomass and effects on interspecies competition and succession within 
a mixed phytoplankton community (Brussaard 2004b, Suttle 2007). They also 
play an important role in the production of dissolved organic matter, an es-
sential step in the microbial loop (Wilhelm & Suttle 1999, Brussaard et al. 
2005a). Grazing is often considered the main phytoplankton loss factor, alt-
hough viral lysis can be equally important (see Evans et al. 2003, Baudoux et 
al. 2006). Knowledge on the relative importance of grazing and viral infection 
is critical to understanding ecological interactions and biogeochemical cycling 
in a natural system. However, these loss factors are not mutually exclusive, as 
it is known that virally infected microalgal cells can be grazed upon (Ruardij 
et al. 2005, Brussaard et al. 2007, Evans & Wilson 2008). Phytoplankton can 
synthesize polyunsaturated fatty acids (PUFAs), which cannot be produced by 
most of their grazers; hence, the phytoplanktonic PUFAs are essential dietary 
factors for organisms such as zooplankton (Fraser et al. 1989, Klein Breteler 
et al. 2005, Bell & Tocher 2009). Evans et al. (2009) noted that 151 h post-
infection (p.i.), the fatty acid (FA) composition of the coccolithophore Emiliania 
huxleyi CCMP1516 showed a decrease in PUFAs relative to monounsaturated 
FAs (MUFAs) and saturated FAs (SFAs) during viral infection by the lytic virus 
EhV-86, and they hypothesized that viruses can affect the nutritional value 
of phytoplankton for higher trophic levels. Fulton et al. (2014) found that the 
changes in FAs observed by Evans et al. (2009) could be explained by specific 
changes in the distribution of polar glycerolipids and glycosphingolipids. 
It is not known whether changes in PUFA content due to viral infection 
seen in E. huxleyi occur in other microalgae. In this study, we therefore ex-
amined the effect of viral infection on the FA distribution of the related phy-
toplankton species Phaeocystis globosa. Both haptophytes play a key role in 
the marine ecosystem and biogeochemical cycling, especially in the formation 
of blooms (see reviews by Paasche 2001 and Schoemann et al. 2005). A previ-
ous study examined the intact polar lipid (IPL) composition of virally infected 
P. globosa and its lytic virus PgV-07T; a selective acquisition of the IPLs from 
specific cell compartments such as the host’s cytoplasm was suggested (Maat 
et al. 2014). In this study, we examined in detail the effect of viral infection on 
the bulk (i.e. those released by hydrolysis of the lipid extract) FA distribution 
on the host and the virus in order to gain insight into the effect of viral infec-
tion on the nature of the compounds which are transferred through ecological 
food webs and the microbial loop. We also compared the infection-induced 
changes in the bulk-FA distribution with those of the IPL-bound FAs.
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Culturing and sampling
The culturing and infection experiments have been previously described by 
Maat et al. (2014). Briefly, for the viral infection experiment, 4 replicate 2 L 
cultures of axenic, exponentially growing Phaeocystis globosa culture strain 
G (Culture collection Royal Netherlands Institute for Sea Research (NIOZ); 
8.6×107 cells L−1) were grown in a 1:1 (v/v) mixture of f/2 medium (Guillard & 
Ryther 1962) and enriched artificial seawater (Harrison et al. 1980) modified 
after Cottrell & Suttle (1991) at 15°C over a light:dark cycle of 16:8 h with irra-
diance at 90 µmol quanta m-2 s-1. Two cultures were inoculated with fresh 0.2 
µm filtered (Minisart High-Flow syringe filter; Sartorius A.G.) axenic PgV-07T 
(PgV) lysate (culture collection NIOZ), at a virus:host ratio of 55:1 to guaran-
tee a 1-step virus growth cycle. The 2 replicate non-infected control cultures 
were inoculated with the same volume of medium. Samples for algal and viral 
enumeration, IPL and FA analysis (150 ml) were taken at regular intervals 
until the cultures were completely lysed. Algal and viral abundances were 
determined by flow cytometry according to Marie et al. (1999) and Brussaard 
(2004a), respectively. IPL samples were filtered through 47 mm Whatman 
GF/F filters (Maidstone), folded in aluminum foil and flash frozen in liquid 
nitrogen and stored at −80°C until analysis. A very small percentage of PgV 
is usually retained on the GF/F filter, but this is negligible, especially consi-
dering the amount of viral lysate (10 L) needed for detection of viral lipids/
FAs. For the IPL and FA analysis of PgV, 10 L of PgV lysate was produced in a 
separate batch under the same culture conditions. In short, viruses were con-
centrated by tangential flow filtration and further purified on an Optiprep™ 
density gradient (Maat et al. 2014). The purified viruses were filtered on a 0.02 
µm Anodisc filter and stored at −80°C until analysis.
Intact polar lipid extraction and analysis
The filters containing the infected Phaeocystis globosa cells and the Anodisc 
filters containing the viral isolate were extracted using a modified Bligh and 
Dyer (BD) extraction, and analysis was carried out by HPLC electrospray ioni-
zation MS (HPLC-ESI-MSn), using methods modified from Sturt et al. (2004), 
on an Agilent 1200 series LC equipped with a thermostated autoinjector, cou-
pled to a Thermo LTQ XL linear ion trap with Ion Max source with electrospray 
ionization (ESI) probe (Thermo Scientific). Structural identification of the IPLs 
was carried out by comparison with fragmentation patterns of authentic 
standards as described in Brandsma et al. (2012). The chain length and num-
ber of double bonds of the IPL-bound fatty acids (FA) were determined by ei-
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spectra (Brügger et al. 1997, Brandsma et al. 2012). The nomenclature used 
(e.g. C32:5) describes the total number of carbon atoms and double bonds of the 
2 FA moieties. Polyunsaturated IPLs were distinguished as those with a total 
of 3 or more double bonds in the combined FA moieties, while monounsatura-
ted were those IPLs which contained 2 FA moieties with a total of 1 to 2 double 
bonds. We quantified the relative distribution of the FA, or combination of 
FAs, in each IPL class by integrating the base peak area of the individual ions 
and assuming similar ionization efficiencies within each IPL class. 
Bulk fatty acid analysis
For FA analysis, aliquots of the BD extracts (with addition of a known amount 
of a C19 FA internal standard) were hydrolyzed by refluxing with 1 N KOH 
in MeOH solution for 1 h. After neutralization with a 2 N HCl/MeOH (1/1, 
v/v) solution, the FAs in the extracts were methylated with diazomethane in 
diethyl ether which was removed under a stream of N2. Before analysis the 
extracts were treated with pyridine (10 µl) and BSTFA (10 µl) to derivatize alco-
hol groups and then brought to the final volume (40 µl) with ethyl acetate. FA 
methyl ester (FAME) identification and quantification was carried out using 
gas chromatography-mass spectrometry (Thermo Finnigan TRACE GC-MS). 
FAMEs were separated using a CP-SIL 5CB capillary column (length 25 m 
× internal diameter 0.32 mm, coating 0.12 µm) with the following oven con-
ditions: initial temperature 70°C, increasing to 130°C by 20°C min−1, then 
increasing to 320°C by 4°C min−1. MS operating parameters were: electron 
multiplier 1663V; source temperature 250°C; full scan m/z 50−800; scan time 
0.33 s. MS data were acquired and processed using the Thermo Finnigan 
Xcalibur software. FAMEs were identified based on literature data and library 
mass spectra. Double bond positions were determined, where possible, using 
dimethyldisulfide (DMDS) derivatization of the FAMEs. For this, extracts were 
derivatized in hexane (100 µl) with DMDS (Merck ≥99%; 100 µl) and I2/ether 
(60 mg ml−1; 20 µl) and heated overnight at 40°C. Hexane (400 µl) was then 
added with Na2S2O3 (5% aqueous solution; 200 µl) to deactivate the iodine. 
The hexane layer was removed and the aqueous phase washed with hexane 
(×2). The hexane layers were combined and analyzed by GC-MS as described 
above. During our analysis we detected an unusual C22:1 fatty acid, not repor-
ted in any other haptophyte algae. However, we also identified a C22:1 fatty acid 
amide, a known contaminant (Grosjean & Logan 2007), and since long chain 
amides can be converted to carboxylic acids during hydrolysis we cannot rule 
out the possibility that the C22:1 fatty acid is a contaminant rather than a natu-
ral product. Because of this uncertainty we did not include it in our analysis. 
Where appropriate IPL and bulk FA results for infected and control treatments 
are presented as a mean of 2 replicate cultures with a standard deviation.
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Algal, viral and bulk fatty acid dynamics
As reported by Maat et al. (2014), viral infection led to a decline of Phaeocystis 
globosa cell abundance within 24 h p.i. (Fig. 5.1A). The one-step viral growth 
curve showed a release of newly produced viruses within 12 h p.i. (Fig. 5.1B). 
Burst size was estimated from the production of PgV and the loss of host 
cells, resulting in a burst size of 288 ± 1 PgV cell−1 (Maat et al. 2014). The total 
concentration of bulk FAs at the start of the experiment (average ± SD of all 0 
h p.i. cultures) was 2.7 ± 0.9 µg L−1 (31 ± 2.8 fg cell−1; Fig. 5.1C). FA concen-
tration initially increased for both the control and the infected cultures at a 
rate of approximately 0.15 µg L−1 h−1 until 24 h p.i., after which it increased at 
a greater rate of 0.8 µg L−1 h−1 for the control cultures, concomitant with the 
increase in cell numbers (Fig. 5.1A), to reach a maximum of 24.7 ± 5.3 µg L−1 
(43 fg cell−1) at 48 h p.i. (Fig. 5.1C). In contrast, the bulk FA concentration of 
Figure 5.1 Abundances (normalized to Time 0) of (A) algal host Phaeocystis globosa, (B) virus 
PgV-07T and (C) the concentration of fatty acids in culture (µg l−1). Closed circles represent 
the non-infected cultures, open circles the virally infected cultures. Data for (A) and (B) repro-
duced from Maat et al. (2014). Error bars represent SD; r.a.: relative abundance
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5the infected cultures remained more or less constant at 5.0 ± 0.2 µg L−1 at 48 
h p.i. The very low level of detectable cells, despite the continued presence of 
extractable FAs, indicates that a high proportion of the bulk FAs detected at 
48 h p.i. were present in post-lysis cell debris.
Figure 5.2 The distribution of individual bulk FAs (% of Σ bulk FA) in (A) the initial composi-
tion (average of infected and control Phaeocystis globosa cultures at 0 h), (B) the control cul-
tures at 24 h post-infection (p.i.), (C) the infected cultures at 24 h p.i., (D) the control cultures 
at 48 h p.i.,(E) the infected cultures at 48 h p.i. and (F) the viral isolate. Error bars represent 
SD between 2 replicate cultures. 
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The initial FA composition of P. globosa (at 0 h p.i., average of control and in-
fected cultures) comprised chain lengths between C14 and C22 and with 0 to 6 
double bonds (Fig. 5.2; Table 5.S1). During the first 24 h of growth p.i., the FA 
distribution in the control cultures exhibited little change, but between 24 and 
48 h, several changes were observed. Overall, between 0 and 48 h p.i., there 
was an apparent increase in the percentage of polyunsaturated FAs (PUFAs) 
in the control cultures (from 51 to 65%, although this was not significant; t-
test, n=4; p=0.08) (Table S1; Figs. 5.3 & 5.4A). Comparison of the FA distribu-
tion in the infected cultures with the control cultures revealed little difference 
at 24 h. Between 24 and 48 h p.i. there was a change in the FA distribution in 
the infected cultures, but not as great as had been seen in the control cultures 
over the same period. After 48 h p.i. the percentage of PUFAs in the infected 
cultures was significantly lower compared to the control cultures (43 vs. 65%; 
t-test, n=4, p=0.02) (Table 5.S1; Figs. 5.3 & 5.4A). The FA composition of the 
viral isolate was quite different from that of the host, i.e. it did not contain the 
C18:3−C18:5 FAs, the C20 or C22:6 FAs and was dominated by the C16:0, C18:0 and 
C18:1 FAs. Thus, it contained predominantly SFA (77%), less MUFA (23%) and 
no PUFAs (Table 5.S1; Fig. 5.4a). In comparison with the initial composition of 
FAs in the host, the virus contained 45% more SFA.
Figure 5.3 Percentage change of the bulk PUFAs, MUFAs and SFAs over 48 h for the control 
and infected cultures. Error bars represent the summed 95% CI
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The intact polar lipids (IPLs) detected in both the host and virus included 
monogalactosyldiacylglycerols (MGDGs), digalactosyldiacylglycerols (DGDGs), 
dimethylphosphatidylethanolamines (DMPEs), phosphatidylglycerols (PGs), 
phosphatidylcholines (PCs) and diacylglyceryl hydroxymethyltrimethyl-β-al-
anines (DGTAs) and diacylglyceryl carboxyhydroxymethylcholines (DGCCs). 
Sulfoquinovosyldiacylglycerols (SQDGs) and phosphatidylethanolamines 
(PEs) were detected only in the host and not in the viral isolate. In this study, 
the PEs and DMPEs were rarely detected and were not examined further. Maat 
et al. (2014) previously reported the range of IPL-FAs; here, we quantified the 
relative contribution of these FAs in each IPL class and examined how this 
changed with growth and infection.
Glycolipids
In P. globosa, the sum of carbon number and double bond equivalents of the 
2 FA moieties ranged from C28:0 to C36:10 for the MGDGs and from C32:1 to C36:10 
for the DGDGs (Table 5.S2), while only 2 SQDGs (C32:1 and C36:7) were detected 
(Table 5.S3). The distribution of PUFA:MUFA:SFA (Fig. 5.4B) for the MGDGs 
remained essentially unchanged during growth in the control cultures, while 
the PUFAs in the DGDGs had significantly declined over 24 h from 78 to 63% 
(t-test, n=4, p=0.04); thereafter, they remained stable at ca. 65% until 48 h 
p.i. For both the MGDGs and DGDGs there were differences in FA composi-
tion between the control and infected cultures at 48 h p.i., but this was only 
significant for the DGDGs: the infected cultures contained a higher propor-
tion of DGDG PUFAs than the controls (80 vs. 65%; t-test, n=4, p<0.05). In 
contrast to the control cultures, the DGDG PUFA percentage in the infected 
cultures was more similar to the initial FA composition (Fig. 5.4C). The SQDG 
FA distribution did not change with growth (Table 5.S3; Fig. 5.4D), while in 
the infected cultures the decrease in the percentage of the C36:7 SQDG PUFA 
(58 to 49%) with a concomitant increase in the C32:1 SQDG MUFA (42 to 51%) 
was not significant (t-test, n=4, p=0.05). Fulton et al. (2014) noted a similar 
shift in SQDG-FAs from primarily C18:3 and C18:4 to C14:0 and C16:0 FAs during 
infection of Emiliania huxleyi. 
The MGDG FAs and DGDG FAs in the viral isolate generally had shorter 
chain lengths and fewer double bonds than those of the host (Table 5.S2). The 
viral isolate contained C28:0 to C34:3 MGDGs, only one detectable DGDG (C32:1) 
and no detectable SQDGs. The PUFA:MUFA:SFA distribution for the MGDGs 
and DGDGs in the viral isolate were quite distinct from the host, i.e. 2:70:28 
and 0:100:0, respectively (Table 5.S2; Fig. 5.4B, C).
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The PCs present in P. globosa were all PUFAs (Fig. 5.4E) and fell in the range 
of C32:4 to C44:12 (Table 5.S4). During growth, changes were relatively small. 
Comparison of the infected cultures with the control cultures showed no sig-
nificant differences at 48 h p.i. The FA distribution of the 3 PGs detected in P. 
globosa also comprised only PUFAs, C36:7, C38:6 and C40:6, and remained relati-
vely constant during growth (Table 5.S4). 
The viral isolate contained similar PC FAs to P. globosa, i.e. C32:4 to C44:12 
but with additional C34:7, C36:8-10, C38:4, C38:10, C42:12, C42:13 and C44:11 (Table 5.S4). 
The viral isolate also contained the C38:6 and C40:6 PGs, but C36:7 could not be de-
tected (Table 5.S4). For both the PCs and PGs, the viral isolate, like P. globosa, 
was entirely composed of PUFAs (Fig. 5.4E).
Betaine lipids
The DGTA FA distribution in P. globosa ranged between C34:1 and C36:5 (Table 
5.S5). During growth of the non-infected algal cultures there was no signifi-
cant change in the distribution (Fig. 5.4F), except for a decrease in C36:5 DGTA 
(from 42 to 32%; t-test, n=4, p=0.02; Table 5.S5). For this class of betaine, 
the infected cultures exhibited the same trend as the controls, decreasing in 
C36:5 DGTA from 42 to 36%; however, this was a non-significant change (t-test, 
n=4, p=0.05; Table 5.S5). The DGCCs were all PUFAs (Fig. 5.4E) and ranged 
between C32:5 and C44:12, with C34:5 being dominant (Table 5.S5). There was some 
change in their distribution with growth over 48 h, i.e. C34:5 decreased from 61 
to 51% (t-test, n=4, p=0.03) in the control cultures, while C38:6 increased from 
2 to 12% (t-test, n=4, p=0.01). Conversely, after 48 h, the infected cultures 
contained 20% higher C34:5 DGCC relative to the control cultures (t-test, n=4, 
p=0.005) while several of the longer, more unsaturated PUFAs (C36:6, C38:6, 
C44:12) were present in lower relative percentages (t-test, n=4, p=0.04, p=0.01 
and p=0.03, respectively).
The C36:2 and C36:3 DGTAs, which were in low abundance (≤3%) in the 
host, could not be detected in the virus (Table 5.S5). However, due to the high-
er percentages of C34:1 and C34:2 DGTAs (27 and 8%) than were seen in the host, 
the percentage of DGTA MUFA was higher at 35% compared to the host (14 to 
17%) (Fig. 5.4). The DGCC distribution in the viral isolate was similar to that 
of the infected P. globosa cultures from 48 h, although the percentage of C40:11 
DGCC was significantly higher (19 vs. 9%; t-test, n=4, p=0.04, Table 5.S5).
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Changes in the fatty acid composition of Phaeocystis globosa
During PgV proliferation and initial lysis of the host (24 h p.i.), both the control 
and infected Phaeocystis globosa cultures exhibited little difference in the bulk 
FA composition from their initial composition at the start of the experiment (0 
h p.i.). Also by 48 h p.i., the percentage of PUFA in the bulk FA in the infected 
cultures did not significantly decrease. However, at 48 h p.i. the control cultu-
res contained 65% PUFA. This significant difference of 22% between the control 
and infected P. globosa cultures at 48 h p.i. was due mainly to a substantial 
increase in the percentage of PUFA in the control cultures over the 48 h expe-
riment. By the end of the infection cycle, the cells were not limited in nutrients 
and neither were they entering stationary phase. We speculate that the increase 
in PUFAs was a process that occurred during population growth, possibly in-
duced by cell density. To our knowledge, this has not been reported before, and 
further research is needed to clarify the underling mechanisms. In contrast, 
this increase in PUFA content was clearly halted during viral infection.
A decline in PUFAs was also observed by Evans et al. (2009) for infected 
Emiliania huxleyi (strain CCMP 1516 infected with EhV-86), from 70 to 44%. 
Fulton et al. (2014) suggested that the observations of Evans et al. (2009) may 
be explained by specific changes in the polar glycerolipids and glycosphingo-
lipids of E. huxleyi during infection. The difference in FA dynamics between 
P. globosa and E. huxleyi could originate from the differences between both 
virus−host systems. Not only do the hosts have very different characteristics 
(E. huxleyi best known for its coccolith-bearing cells [Tyrrell & Merico 2004] 
and P. globosa for its formation of multicellular colonies [Schoemann et al. 
2005]), but also the infection characteristics of the viruses involved seem to 
differ substantially. For example, how EhV-86 exits the host cell is different 
from PgV-07T (i.e. budding off vs. single burst event); in the infection pathway 
of EhV- 86, viral glycosphingolipids are involved (Vardi et al. 2009), while this 
is not the case for PgV-07T (Maat et al. 2014). However, the differences in 
lytic cycle of PgV-07T in our study and EhV-86 in the study by Evans et al. 
(2009) could also explain the observed differences in the FA dynamics. The 
latent period (50 vs. 8−12 h), time until cell lysis (75 vs. 24 h) and duration of 
the experiment (151 vs. 48 h) for EhV-86 in the study by Evans et al. (2009) 
were all substantially longer than for PgV-07T in our study. This means that 
during infection of E. huxleyi, there was more time for potential changes in the 
FA profiles to take place. However, most phytoplankton−virus systems stud-
ied in the laboratory to date are known to lyse faster and have shorter latent 
periods than observed by Evans et al. (2009), i.e. within 24 to 72 h (Jacquet 
& Bratbak 2003, Brussaard 2004b, Lawrence et al. 2006, Fulton et al. 2014), 
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et al. 2007, Rose et al. 2014). This suggests that the degree of PUFA impover-
isation seen by Evans et al. (2009) may not always be the case for E. huxleyi. 
Furthermore, in the study of Evans et al. (2009) the infected cultures did not 
reach full lysis as occurred in this study. Instead, their final time point at 
151 h p.i. appears to contain a cell density approximately equivalent to 36 h 
p.i. in the experiment from this study. Hence, for most virus−phytoplankton 
systems, changes in FA composition may not happen to the extent observed 
by Evans et al. (2009) but rather be more comparable to our results where no 
large changes in FA compositions were observed during infection. 
The only significant change in the IPL-bound FAs observed in our study 
was exhibited by the DGDG-PUFAs, which at 24 h p.i. were already present 
in a higher percentage in the infected cultures than in the control cultures 
(80 vs. 65%; t-test, n=4, p=0.04). The fact that the bulk FAs exhibited a 22% 
difference in PUFA between the infected and the control cultures from 48 h 
p.i., while the IPL FAs did not, may be due to the bulk FA fraction containing 
additional inputs from non-IPL sources such as the triacylglycerols (TAGs), 
which can form an important fraction of the total FAs in algae (e.g. Phaeo-
cystis sp., Al-Hasan et al. 1990). TAGs are utilized as storage lipids in algae 
and under stress conditions the production of TAGs in many algal species 
increases (Guschina & Harwood 2009). The production of TAG has also been 
shown to increase during senescence in leaves of the higher plant Arabidopsis 
sp. (Kaup et al. 2002), while a later study by Espinoza et al. (2007) showed 
that this plant shows similar transcription profiles during viral infection and 
senescence, including the transcription of genes involved in lipid metabolism. 
Hence, it could be expected that in the infected cultures these FA- contain-
ing lipids, which generally have fewer double bonds than FAs bound in polar 
lipids (Harwood 2004), would increase in relative concentration during the 
experiment. This would explain the 10% decrease in the relative percentage 
of PUFAs in the infected cultures over time. Similarly, the 12% increase in 
PUFAs in the control cultures over the same period may be explained by a 
decrease in the proportion of FAs that are associated with TAGs.
To investigate whether the membrane lipids of the total number of vi-
ruses produced could make up a high proportion of the host cell’s biomass 
and hence could account for the changes seen in the FA composition of in-
fected cells (as postulated by Evans et al. 2009), we calculated the potential 
contribution of viral FAs to the total FAs for P. globosa. For P. globosa with an 
average cell diameter of 5 µm (this study), we estimated that the plasma mem-
brane would span 7.9×107 nm2. The plasma membrane of a cell represents 
approx. 2% of the total membrane content (Alberts et al. 2002), so the total 
P. globosa membrane surface area would be 3.9×109 nm2. The radius of the 
P. globosa virus PgV-07T is 75 nm (Baudoux & Brussaard 2005); hence, its 
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globosa was 288 viruses cell−1 (this study), so the virus membrane lipids would 
be 0.5% of the host membrane lipids of a P. globosa cell. A similarly low per-
cent (1.5%) was calculated for the E. huxleyi strain used by Evans et al. (2009): 
E. huxleyi CCMP 1516 cell diameter of 5.2 µm (Steinke et al. 1998), radius of 
the E. huxleyi virus 86 (EhV-86) of 90 nm (Mackinder et al. 2009), burst size 
of E. huxleyi 620 cell−1 (Castberg et al. 2002). As the virus membrane lipids 
make only a very small percentage of the total of membrane lipids in both an 
infected E. huxleyi cell and an infected P. globosa cell (<2%) they are unlikely 
to have significant effects on the bulk FA composition.
In the case of P. globosa, the distribution of bulk FA as well as IPLs 
was substantially different between the infected host and viral isolate, i.e. PgV 
contained elevated percentages of bulk FAs C18:0 and C16:0 compared with P. 
globosa, which results in distinctly different distributions of PUFA:MUFA:SFA 
in the viral isolate. Furthermore, PgV has been shown to contain a distinct 
IPL class distribution compared to the host (Maat et al. 2014). The PCs repre-
sented a more substantial part of the virus IPLs distribution than in the host, 
while the MGDG and DGDG contribution to the sum of IPLs was lower in the 
virus relative to the host (both infected and control) and the SQDGs were not 
detected at all. This confirms that the contribution of viral biomass to the in-
fected host cells cannot be causing the decrease in the percentage of PUFAs 
seen in the infected cultures relative to the control cultures.
Comparison between virus and host lipid membrane
In previous work, we showed that PgV-07T acquired PCs from the host in 
the highest proportion, with lower proportions of PGs and the betaines, only 
trace amounts of MGDGs and DGDGs, and no SQDGs (Maat et al. 2014). The 
majority of MGDGs, DGDGs and SQDGs are associated with the chloroplast 
in algae and higher plants (Guschina & Harwood 2009, Sato & Wada 2010), 
which suggests that the chloroplast and its associated membranes were not 
the source of the recruited IPLs. Instead, it was hypothesized that PgV-07T 
selectively recruits its
lipids from membranes in the host cytoplasm. It is this selective re-
cruitment which probably resulted in the PUFAs, present in the bulk FAs of 
P. globosa, to be absent in the bulk FAs of PgV-07T (Fig. 5.2). Previous stud-
ies have also found that viral particles contain lower percentages of PUFAs 
relative to their hosts: mammal kidney cells infected with the rubella virus 
(Voiland & Bardeletti 1980) and the moth Galleria mellonella infected with a 
range of different invertebrate iridescent viruses (Williams & Thompson 1995). 
This too could be caused by the selective recruitment of lipids from specif-
ic cellular compartments. Indeed, studies have shown different FA distribu-
116
Chapter 5
5tions in different subcellular components of cells from higher plants (Devor 
& Mudd 1971, Schwertner & Biale 1973, Mackender & Leech 1974, Nozawa 
et al. 1974). Unfortunately, little is known about the FA composition of algal 
chloroplasts relative to the other cellular membranes (Harwood 2004).
 In this study, the virus was found to contain PC species with FA com-
binations that are not found in uninfected cells (i.e. C34:7, C36:8-10, C38:4, C38:10, 
C42:11-12, C44:11). While the viral PCs could have been produced de novo during 
infection, it could also be that they were present in the host, but below the lev-
el of detection (Maat et al. 2014). In contrast, the DGCC FA composition of the 
virus was similar to that of the infected cells at 48 h p.i. Further experiments 
are needed to understand the reasons for these differences in distributions for 
the different IPLs.
Ecological significance
Phytoplankton are the main primary producers in the marine environment 
and form the base of most pelagic food chains. They are an important source 
of PUFAs for auxotrophic suspension feeders such as copepods and bivalves 
(Fraser et al. 1989, Taylor & Savage 2006, Pleissner et al. 2012). Changes 
in phytoplankton FA composition due to viral infection could thus affect the 
nutritional value of phytoplankton for higher trophic levels, as suggested by 
Evans et al. (2009). Furthermore, FA transfer to higher trophic levels may also 
occur after viral lysis of the phytoplankter bloom, as viral lysis derived cell 
debris may aggregate into transparent exopolymer particles (TEP) (Shibata et 
al. 1997, Brussaard et al. 2005a&b, Vardi et al. 2012). Several marine sus-
pension feeders have been found to consume TEP, including copepods and bi-
valves (Passow & Alldredge 1999, Ling & Alldredge 2003, Kach & Ward 2008). 
A virally induced decrease in PUFAs, as we have observed here for P.  globosa, 
could thus also indirectly affect the PUFA intake of higher trophic levels.
Conclusions
Viral infection of Phaeocystis globosa prohibited the accumulation of PUFAs 
in bulk fatty acids (FAs). In contrast, the distribution of IPL bound-FAs chan-
ged little over the course of the experiment. This difference in the response of 
the bulk FAs and of the IPL FAs to viral infection suggests that the bulk FAs 
are affected by other FA-containing compartments, such as the triacylglycerol 
(TAG) storage lipids. The FA distribution of the PgV-07T virus itself was par-
ticularly different from the host, i.e. it contained shorter, more saturated and 
lower amounts of PUFAs, possibly due to the selective recruitment from the 
host of IPLs with low amounts of PUFAs. From an ecological perspective, some 
virally infected P. globosa cells may be grazed upon in a bloom environment, 
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infected cells to higher trophic levels. Post-lysis, PUFA-impoverished FAs may 
be transferred to higher trophic levels via filter feeder uptake of TEP.
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5Table 5.S1 Bulk fatty acids (carbon number:double bonds) in the initial composition (avera-
ge of all cultures at 0 h), the non-infected cultures (controls) and the infected cultures at 24 
h p.i. and 48 h p.i. and in PgV. Presented as percentage with standard deviation between two 
replicate cultures, percentage with the 95% confidence interval and the absolute concentra-
tion (µg l-1). n.d. = not detected. 
Control Infected
Initial 24 h p.i. 48 h p.i. 24 h p.i. 48 h p.i. PgV
14:0 3±0.2 
3±0.3 
0.1±0
5±0.5
5±0.7 
0.3±0.1
8±4 
8±6 
2.0±1
6±0.1
6±0.1
0.4±0
9±2 
9±3
0.4±0.1
8 
2x10-3
16:0 21±4 
21±6 
0.6±0.1
20±6
20±8 
1±0.7
10±0.2
10±0.3 
2±0.6
16±2 
16±3
1±0.1
22±2 
22±3
1±0.1
43
1x10-2
18:0 8±1
8±1 
0.2±0
8±5
8±7 
0.4±0.4
2±1 
2±1
0.4±0.1
4±1 
4±1
0.2±0.1
5±2
5±3
0.2±0.1
25
7x10-3
18:1ω9 15±0.8
15±1 
0.4±0
15±3
15±4 
0.7±0.2
15±2 
15±3
3±0.3
17±1
17±1
1±0.0
21±3
21±4
 0.9±0.1
23
7x10-3
18:3 8±1
8±1 
0.2±0
5±8
5±11 
0.2±0.3
11±1 
11±1
3±0.4
9±0.3 
9±0.4
1±0.0
9±0.3 
9±0.4
 0.4±0
n.d
18:4 16±0.1 
16±0.1 
0.5±0
22±5
22±7 
1±0.7
20±1
20±1
5±1
19±0.7 
19±1
1±0.1
15±2 
15±3
 0.7±0.1
n.d
18:5 6±0.4
6±0.6 
0.2±0
3±4
3±6 
0.1±0.1
9±0
9±0
2±0.5
5±1 
5±1
0.3±0.1
4±2 
4±3
0.2±0.1
n.d
20:5 6±0.4
6±0.6 
0.2±0
3±5
3±7 
0.1±0.2
8±2
8±3
1.9±0.8
5±0.3
5±0.4
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n.d
22:6 16±2
16±3 
0.5±0.1
18±3
18±4 
0.9±0.5
17±4
17±6
4±0
18±2 
18±3
1±0.1
10±1
10±1
0.4±0.1
n.d
PUFA 53±4
53±6
2±0.2
51±9
51±12 
2±0.6
65±1 
65±1 
15±3
57±4 
57±6 
4±0.3
43±0.5 
43±0.7 
2±0
n.d
MUFA 15±0.8
15±1
0.4±0
15±3
15±4 
0.7±0.2
15±2
15±3 
3±0.3
17±1
17±1 
1±0
21±3
21±4 
0.9±0.1
23
7x10-3
SFA 32±5
32±7
0.9±0.1
34±11 
34±15 
2±1
20±4 
20±6 
5±2
26±3
26±4 
2±0.2
36±2
36±3 
2±0.1
77
2x10-2
Supporting information
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5Table 5.S3 Average percentage of sulfoquinovosyldiacylglycerol (SQDG) fatty acid combina-
tions (carbon number:double bonds) in the initial composition (average of all cultures at 0 h), 
the non-infected Phaeocystis globosa cultures (controls) at 24 h p.i. and 48 h p.i. and in the 
infected cultures (infected) at 24 h p.i. and 48 h p.i. Errors represent the standard deviation 
between two replicate cultures.
SQDG
Initial Control
24 h p.i.
Control
48 h p.i.
Infected
24 h p.i.
Infected
48 h p.i.
32:1 40±11 43±2 42±1 46±14 51±2
36:7 60±11 57±2 58±1 54±14 49±2
PUFA 60±11 57±2 58±1 54±14 49±2
MUFA 40±11 43±2 42±1 46±14 51±2
SFA 0±0 0±0 0±0 0±0 0±0
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Chapter 6
Combined phosphorus limitation 
and light stress prevent successful 
viral proliferation in the 
phytoplankton species 
Phaeocystis globosa, but not in 
Micromonas pusilla 
Douwe S. Maat, Reinhoud de Blok and Corina P.D. Brussaard
Frontiers in Marine Science (2016) 3:160
6Abstract
Under natural conditions phytoplankton are often simultaneously subjected 
to phosphorus (P) limitation and suboptimal light levels. Potential interacting 
effects of P-limitation and light availability on phytoplankton virus-host inter-
actions have thus far not been reported. We studied the influence of three en-
vironmentally relevant light levels (low; 25, medium; 100 and high; 250 µmol 
quanta m-2 s-1) in combination with P-limitation (vs. P-replete conditions) on 
virus proliferation in the key phytoplankton species Micromonas pusilla and 
Phaeocystis globosa. Cultures were acclimated to balanced P-limited growth 
at 3 light levels by semi-continuous culturing, before one-step infection ex-
periments were carried out in batch mode. Under optimal conditions (medium 
light, P-replete), the latent period (time until first release of progeny viruses) 
was 6-9 h and 9-12 h, and the burst size (number of viruses released per lysed 
host cell) was 241±5 and 690±28 for M. pusilla virus MpV and P. globosa virus 
PgV, respectively. Low light intensity under P-replete conditions prolonged 
the latent period of PgV (with maximally 3 h). The PgV burst size was 2.8-fold 
reduced under low light and 2.2-fold reduced under high light. The 10-fold 
range in light intensity did not affect viral latent period or burst size in P-re-
plete M. pusilla. However, P-limitation (under optimal light) also led to elongat-
ed latent periods (with maximal 3 h compared to P-replete) and the viral burst 
sizes decreased by 2.7-fold for MpV and 3.5-fold for PgV. Finally, infectivity as-
says showed that PgV progeny from the P-limited high and low light cultures 
largely lost their infectivity, reducing their infective burst sizes to only 2-4 
infective viruses per lysed host cell. Our study demonstrates that the effects 
of specific light and P-availability on virus-phytoplankton interaction are not 
only species specific, but can also strengthen each other’s effects. Relatively 
small differences in environmental conditions with depth, geography or time 
have the potential to drastically affect viral infection of phytoplankton, with 
consequent effects on host species composition and biogeochemical fluxes.
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6Introduction
In the heterogeneous natural marine environment phytoplankton is influen-
ced by many environmental factors at the same time (Behrenfeld et al. 2008). 
Phosphorus (P) limited phytoplankton physiology and growth commonly oc-
curs in marine ecosystems and is, furthermore, expected to become more im-
portant in the future ocean due to stratification in combination with diazo-
troph nitrogen input (Dyhrman et al. 2007, Karl et al. 1997, Moore et al. 2013, 
Ruttenberg 2003). Irradiance can either limit phytoplankton growth and pro-
duction by a reduced availability (turbidity, season, water depth or mixing to 
deep waters; see Huisman et al. 2002) or by an excess of it, causing photoinhi-
bition (mixing to shallow waters, stratification; Long et al. 1994). The effects of 
these growth-controlling factors can even be cumulative (Arteaga et al. 2014, 
Cloern 1999, Colijn & Cadée 2003, Kulk et al. 2013, Van De Poll et al. 2005).
The environment is also a strong determinant on phytoplankton host-vi-
rus interactions (Mojica & Brussaard 2014). Regarding the important role of 
marine viruses as drivers of biogeochemical cycling (Brussaard et al. 2008, 
Suttle 2007), the indirect effects (i.e. via the host) of the environment are un-
derrepresented in our knowledge of marine ecosystem functioning. As viruses 
are dependent on the host for energy and building blocks, any effects of a 
suboptimal environment on host physiology might affect virus production as 
well. Phytoplankton virus proliferation (latent period and burst size) has been 
shown to be negatively affected by low P-availability or light intensity (Bau-
doux & Brussaard 2008, Bratbak et al. 1998, Clasen & Elser 2007, Gobler et 
al. 2007, Maat et al. 2014, Wilson et al. 1996). Only very few studies have, 
however, focused on the combined effect of two environmental factors together 
on virus-phytoplankton interaction (Cseke & Farkas 1979, Maat & Brussaard 
2016), and none were performed under light with P-manipulation.
 Since the element P and irradiance are both involved in phytoplankton 
energy metabolism, cumulative effects (whereby one variable strengthens the 
effect of the other) on the virus can be expected. Where light provides the en-
ergy, it is for a large part stored in the energy rich anhydride bonds of P-con-
taining adenosine triphosphate (ATP). Viral replication is dependent on the 
energy that is delivered by the host for replication, transcription, translation 
and genome packaging. This energy is at least partly delivered in the form of 
ATP (Ando et al. 2012) and is present in the host cell or has to be produced 
during the lytic cycle by photophosphorylation. 
Here we studied the potential co-stressing effects of P-limitation and light 
intensity on viral proliferation in the key phytoplankton species Micromonas 
pusilla and Phaeocystis globosa. Phytoplankton cultures were maintained un-
der P-replete and P-limited treatments in combination with three different 
light conditions. Balanced P-limited growth was realized by semi-continuous 
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6culturing (Quinlan 1986, Nicklish 1999), yielding well-acclimated cells at the 
moment of infection. For clarity, in this study we use 1) ‘P-limitation’ as a 
general term that describes the effects of low P-availability on phytoplankton 
growth or physiology (Moore et al. 2013), 2) ‘P-controlled growth’ to describe 
the balanced nutrient limited semi-continuous culturing phase, and 3) ‘P-star-
vation’ to describe the situation in the batch cultures (infection experiments; 
MacIntyre & Cullen 2005). The light conditions used are ecologically relevant 
for the surface waters of the North Sea and Wadden Sea, whereby medium 
light (ML; 100 µmol quanta m-2 s-1) represents a daily average for the spring 
period (Dring et al. 2001, Ly et al. 2014). We used a 10-fold difference between 
low (LL; 25 µmol quanta m-2 s-1) and high light (HL; 250 µmol quanta m-2 s-1), 
which is a natural range experienced by phytoplankton in temperate waters 
(Kulk et al. 2013), and whereby LL represents a level at which the maximum 
growth rate of natural phytoplankton populations is halved (Cloern 1999) and 
high light shows significant inhibiting effects on the photosynthetic efficiency 
(Fv/Fm) of our model species under P replete conditions. At steady state, the 
cultures were subsequently infected with host-specific lytic viruses, whereby 
the effects of the P-limitation and light conditions on viral latent period (time 
until first release viral progeny), burst size (number of progeny viruses re-
leased per lysed host cell) and infectivity were determined. 
Materials and Methods
Culturing and experimental set-up 
The prasinophyphyte  M. pusilla (2 µm diameter; MP-Lac38; culture collec-
tion Marine Research Center, Göteborg University; Butcher; Manton & Parke 
1960) and the prymnesiophyte P. globosa G(A) (5 µm diameter; culture collec-
tion University of Groningen, The Netherlands; isolated from the North Sea; 
T135, Terschelling 135 km off the coast by R. Koeman in 2000) were axeni-
cally cultured at 15˚C under a light:dark cycle of 16:8h. Light was supplied by 
18W/965 OSRAM daylight spectrum fluorescent tubes (München, Germany) 
at intensities of 25, 100 and 250 µmol quanta m-2 s-1, further referred to as low 
(LL), medium (ML) and high light (HL). 
Both species were grown in Mix-TX medium, a 1:1 mixture of modified 
f/2 medium (Guillard & Ryther 1962) and artificial seawater (ESAW; Har-
rison 1980), enriched with Tris-HCl and Na2SeO3 (Cottrell & Suttle 1991). 
However, the potential P-source Na2-glycerophophate was omitted from this 
medium. Triplicate 50 ml cultures were grown semi-continuously under P-re-
plete and P-limiting conditions with daily dilution 3 h into the light period. 
For the P-replete treatments (36 µM Na2HPO4) culturing was done according 
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6to the turbidistat principle (dilution based on cell abundance). The P-limited 
cultures were diluted in a semi-continuous fashion according to the same 
principle as chemostat culturing (nutrient-limited continuous culture; Mac-
Intyre & Cullen 2005). Due to the high total number of cultures (72 in total), 
this type of culturing was a good alternative for chemostat culturing (Quinlan 
1986, Nicklisch 1999). The concentrations of the limiting nutrients determine 
the algal abundances (but not the strength of limitation; Quinlan 1986, Mac-
Intyre & Cullen 2005) and were 0.25 µM and 1.0 µM Na2HPO4 for M. pusilla 
and P. globosa, respectively. We aimed for steady state abundances of ± 1.0 
and 0.5×106 for M. pusilla and P. globosa, respectively, yielding comparable vi-
rus-host contact rates (i.e. 1.8 and 1.5×109 viruses cm-2 s-1). The contact rates 
were estimated according to Murray & Jackson (1992), using host cell diame-
ters of 2 and 5 µm. Abundances were however affected by the treatment (light 
vs. nutrient conditions), leading to small variations in starting abundances for 
the viral infection experiment (varying maximal 1.9-fold under P-replete and 
1.3-fold under P-limiting conditions). Prior to and after daily subculturing the 
algal cell abundances were determined by flow cytometry (FCM). Maximum 
phytoplankton growth rates under the three light conditions were initially de-
termined in replete batch cultures. In the nutrient controlled semi-continuous 
cultures, growth was then maximized towards this µmax, i.e. highest possible 
without cells washing out. The resulting stable P-controlled steady state con-
stant maximized growth and abundances; reached after a minimum of 5 vol-
ume changes) was then maintained for several weeks. During this period, cell 
abundances, flow cytometry (FCM) mean forward scatter (FSC; a relative mea-
sure of cell size), dissolved inorganic P (DIP) and photosynthetic capacity (also 
used as indicator of nutrient limitation; Beardall et al. 2001) were monitored 
(typically daily). A day before the viral infection experiments (after 4 weeks 
of steady state), each of the triplicate cultures (of all treatments) was split 
yielding one ‘non-infected control’ culture and one ‘virally infected’ culture, At 
the day of the infection experiment the semi-continuous dilution was stopped 
(thus also halting growth of the non-infected P-limited cultures) to allow for 
proper one-step infection cycles. Continued daily dilution of the cultures af-
ter infection would have negatively affected the virus:host ratio, and nutrient 
input at the moment of infection may affect virus proliferation. Hence, with 
this set-up we studied viral infection of host cells preconditioned to balanced 
nutrient limitation and subsequent onset of nutrient starvation. The lytic dsD-
NA viruses MpV-08T and PgV-07T (NIOZ-culture collection, the Netherlands), 
infecting M. pusilla and P. globosa, respectively, were pre-cultured under opti-
mal light conditions (ML). The lysates for the P-limited experimental cultures 
were pre-cultured on P-limited host for at least 3 rounds of infection to assure 
that no DIP was present in the lysates (also verified by direct measurements). 
For all infection experiments, the cultures received their respective viruses 3 
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6h into the light period (at the moment at which the cultures would otherwise 
be diluted) at a virus:host ratio of 10 (100% infectivity, as determined by most 
probable number endpoint dilution assay, n=5, 12 10× dilutions; see below; 
Suttle 1993) to ensure a one-step infection cycle. The non-infected control 
cultures received equal volume of 0.1 µm filtered (polyethersulfone membrane 
filter; Sartopore Midicap, Sartorius A.G. Goettingen) seawater with macronu-
trient concentrations below the detection limit (<0.02 µM). The cultures were 
subsequently sampled for algal and viral abundances (3-6 hourly) and nutri-
ents (beginning and end). Measurements in all cultures were stopped when 
cultures fully lysed, but extra samples of the infected cultures were taken to 
assure no regrowth had taken place.
Analyses
Concentrations of DIP were determined by colorimetry according to Hansen 
and Koroleff (1999). DIP concentrations during culturing and at the start of 
the viral infection experiment were always at the detection limit (0.02 µM) and 
considered 0 µM. Algal cellular P-quotas under P-limitation were calculated as 
daily added DIP divided by the increase in cell abundance over a 24h period. 
Axenic testing was done by epifluorescence microscopy with DAPI (4’,6-dia-
midino-2-phenylindole, dihydrochloride; Life Technologies Ltd. Paisley, UK) 
stained cultures (Porter 1980). At all times during the experiments, the cultu-
res were axenic. 
Phytoplankton abundances and mean cellular forward scatter (FSC) 
were determined on fresh samples using a BD Accuritm C6 cytometer (BD Bio-
sciences, San Jose, Ca, USA) with the trigger set on red autofluorescence 
(Marie et al. 1999). The FSC values were used as indicators for relative cell 
size (Shapiro 1988, DuRand et al. 2002). A linear relation between BD Accuritm 
C6 mean cellular FSC (x) and cell size (y) was confirmed by testing different 
phytoplankton species from the NIOZ culture collection (y=0.0075x +1.2373; 
r2=0.9979).
Algal viruses were fixed and enumerated by FCM according to Brus-
saard (2004). In short, 0.5% final concentration glutaraldehyde fixed samples 
(25% stock, EM-grade; Sigma-Aldrich, St. Louis, MO, USA) were flash frozen 
in liquid nitrogen and stored at -80°C until analysis. After thawing, the sam-
ples were diluted 100-1000 fold in 0.2 µm filtered (FP 30/0.2 CA-S Whatman, 
Dasser, Germany) TE-buffer (pH=8) and stained with SYBR green I to a fi-
nal concentration of 0.5×10-4 of the commercial stock (Invitrogen Molecular 
Probes, Eugene, OR, USA ) for 10 min at 80°C, after which they were analyzed 
using a benchtop BD FacsCalibur (BD Biosciences, San Jose, Ca, USA) with 
the trigger set on green fluorescence. The algal virus clusters were discrim-
inated based on their green fluorescence and side scatter (Brussaard et al. 
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62000). All FCM data were analyzed using CYTOWIN 4.31 (Vaulot 1989). Viral 
burst size (viruses cell-1) was estimated by dividing the number of produced 
viruses by the number of lysed host cells.
Viral infectivity was determined by comparing the most probable num-
ber of infectious viruses (MPN endpoint dilution assay; Suttle 1993) with the 
viral abundances that were determined by flow cytometry. The MPN assays 
with the progeny lysates of the viral infection experiment were first done on 
one of the replicates and carried out in triplicate (with 12 times 10-fold dilu-
tion). As the results were showing a high reduction in infectivity for two of the 
treatments the experiment was repeated a year later (giving similar results 
to the earlier executed experiment), whereby new MPN assays were carried 
out but this time with 10 replicates). The algal host for the MPN assays was 
cultured under optimal growth conditions (nutrient replete, ML) and a dilu-
tion series without viruses was used as a negative control. The percentage of 
infective viruses was determined by dividing the number of infectious viruses 
(MPN) by the number of viral particles (FCM). The infective burst size was cal-
culated by multiplying the fraction infective with the original burst size.
The PAM fluorometry (Water-PAM, Walz, Germany) measurements were 
placed in the dark for approximately 15 minutes, after which they were an-
alyzed for minimal (F0) and maximal (Fm) fluorescence. The maximal photo-
synthetic efficiency Fv/ Fm was calculated from F0 and Fm whereby Fv equals 
Fm-F0 (see Maxwell and Johnson 2000). 
Statistics were done with the program SigmaplotTM 12.0 (Systat soft-
ware Inc, Chicago Il, USA). Where applicable, two way ANOVAs were used to 
simultaneously test for the effects of light and P limitation on steady state 
parameters and viral burst sizes (significance level p=0.05).
Results
Steady state
Phytoplankton cellular characteristics at steady state were affected by the 
degree of P-limitation as well as by the light treatments (Table 6.1). The P-con-
trolled cultures were able to reach (near) P-replete growth rates, but not under 
all light conditions. For M. pusilla the P-controlled growth rates under ML and 
LL were similar as under P-replete conditions, but HL led to an approximate 
40% growth rate reduction. In contrast, P-controlled P. globosa reached simi-
lar growth rates as P-replete under HL, but showed a 10 and 20% reduction 
under ML and LL respectively. For M. pusilla the highest growth rates were 
obtained under HL, P-replete conditions, while this was the ML, P-replete tre-
atment for P. globosa. 
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6The cellular P-quotas per cell under P-controlled growth conditions 
were not affected by light level (Table 6.1). However, with average cell diame-
ters of 2 and 5µm, the volume specific P-quotas were about 2-fold lower for M. 
pusilla than P. globosa (on average 0.068 and 0.128 fmol µm-3, respectively). 
The mean cellular FSC was affected by both light and P-control (Table 6.1). 
P-controlled conditions led to an increase in FSC for both species under ML. 
For P. globosa, this increase due to P-controlled growth was also observed 
under HL and LL, but the opposite (a lower FSC than P-replete under HL and 
LL) was observed for M. pusilla. Moreover, both species showed a decreased 
FSC under LL conditions. 
The Fv/Fm of both algal species was affected by both factors, i.e. the 
effect of P-controlled growth on Fv/Fm was strengthened under increasing 
light (interaction; p<0.001). P-controlled conditions reduced the algal Fv/Fm 
as compared to the P-replete growth, more so for M. pusilla than for P. globosa 
and more so for HL than for LL (Table 6.1). Only the P. globosa LL cultures 
showed no significant change compared to the replete cultures. An interaction 
of both factors was especially clear for the steady state M. pusilla cultures, 
where P-controlled growth in combination with increasing light level led to a 
stronger decrease in Fv/Fm than under P-replete conditions.
Table 6.1 Steady state parameters of M. pusilla and P. globosa under P-replete (R) and P-
limited (L) growth conditions and 3 different light conditions (250, 100 and 25 µmol quanta 
m-2 s-1, represented by HL, ML and LL, respectively): Average growth rate (µ d-1), mean forward 
scatter (FSC), photosynthetic efficiency (Fv/Fm) and P-quota (fmol cell-1). Per phytoplankton 
species the cellular FSC was normalized to P-replete at ML. Depicted data are derived from 
the 3 replicates in the 2 days right before the infection experiments (n=6). Values are averages 
±s.e. For each species the significant differences (p<0.05) per treatment are depicted by dif-
ferent letters (abcdef), i.e. when two values have different letters, they are significantly different. 
r.u. stands for relative units.
Irradiance
level
P-level µ
(d-1)
P-quota
(fmol cell-1)
FSC
(r.u.)
Fv/Fm 
(r.u.)
M. pusilla HL R 0.86 ±0.04a 1.42 ±0.03a 0.65 ±0.00a
L 0.51 ±0.02b 0.25 ±0.02a 1.26 ±0.03b 0.43 ±0.01b
ML R 0.77 ±0.04cd 1.00 ±0.01c 0.70 ±0.00c
L 0.75 ±0.03d 0.20 ±0.02a 1.11 ±0.02d 0.57 ±0.00d
LL R 0.77 ±0.03d 0.78 ±0.01e 0.68 ±0.00e
L 0.79 ±0.02d 0.19 ±0.01a 0.67 ±0.01f 0.66 ±0.00f
P. globosa HL R 0.88 ±0.06a 0.96 ±0.01a 0.59 ±0.00a
L 0.84 ±0.02a 2.6 ±0.01a 1.13 ±0.01b 0.63 ±0.00b
ML R 1.1   ±0.08b 1.00 ±0.01c 0.69 ±0.00c
L 0.89 ±0.03a 2.6 ±0.16a 1.07 ±0.00d 0.65 ±0.00d
LL R 0.83 ±0.02a 0.79 ±0.00e 0.70 ±0.00c
L 0.74 ±0.01c 2.3 ±0.09a 0.98 ±0.01f 0.70 ±0.00c
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6Viral infection experiment
In contrast to the non-infected control cultures, the P-replete M. pusilla cultu-
res showed a rapid growth reduction upon infection with MpV (Fig. 6.1A&B). 
However, full lysis of the LL infected cultures took up to 2-fold longer than 
under ML and HL (Fig. 6.1B). The latent period of MpV was 6-9 h, independent 
of light level (Fig. 6.1C&D). Also the MpV burst sizes under P-replete conditi-
ons were not affected by light level (differences in viral yield were due to small 
differences in maximal algal abundance at LL, ML and HL; Fig. 6.1C, Table. 
6.2). The non-infected P-starved cells ceased growing, while the infected M. 
pusilla cultures showed similar declines as for the P-replete infected cultures, 
independent of the light treatments (Fig. 6.2A&B). The viral latent period pro-
longed with maximally 3 h under P-limitation and the MpV burst size declined 
2.5-fold to 94 per lysed host cell (Table 6.2). Light level did not further impact 
the viral latent period or burst size in the P-limited treatments (Fig. 6.2C&D, 
Table 6.2).  Infectivity of the progeny MpV was between 74 and 100%, resul-
ting in infective burst sizes of 78-96 and 143-241 infective viruses cell-1 for 
P-limited and P-replete conditions, respectively (Table 6.2). 
Figure 6.1 Algal and viral growth curves with abundances of non-infected (A) and infected 
(B) Micromonas pusilla and MpV (C) under P-replete conditions. Panel D shows MpV abun-
dances in the first 12 h in more detail. Light treatments are depicted by triangles (HL), circles 
(ML) and squares (LL). Values are averages ± s.d. Grey bar depicts dark (night) period.
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6Table 6.2 Latent periods and burst sizes of M. pusilla virus (MpV) and P. globosa virus (PgV) 
under P replete (R) and P limited (L) growth conditions and 3 different light conditions (250, 
100 and 25 µmol quanta m-2 s-1, represented by HL, ML and LL, respectively).Values are in 
averages ±s.d. (n=3). Significant differences (p<0.05) per treatment per species are depicted by 
different letters (abc), i.e. when two values have different letters, they are significantly different.
Irradiance
level
P level Latent period
(h)
Burst size 
(viruses cell-1)
Infective burst size 
(infective viruses cell-1)
MpV HL R 6 - 9  245  ±16 a 143
L   9 - 12    99  ±18 b 78
ML R 6 - 9 241  ±5 a 241
L   9 - 12   88  ±9 b 73
LL R 6 - 9  229  ±46 a 165
L   9 - 12  96  ±3 b 96
PgV HL R   9 - 12   536  ±110 a 536
L 12 - 15 143  ±31 b 4
ML R   9 - 12 690  ±28 c 542
L 12 - 15 200  ±18 b 176
LL R 12 - 15 317  ±52 d 190
L 12 - 15 190  ±26 b 2
Figure 6.2 Algal and viral growth curves with abundances of non-infected (A) and infected 
(B) Micromonas pusilla and MpV (C) under P-limited conditions. Panel D shows MpV abun-
dances in the first 15 h in more detail. Light treatments are depicted by triangles (HL), circles 
(ML) and squares (LL). Values are averages ± s.d. Grey bar depicts dark (night) period.
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6The P-replete control cultures of P. globosa showed similar growth dy-
namics as the replete M. pusilla cultures (Fig. 6.3A). The onset of lysis of the 
P-replete culture delayed slightly with decreasing light level (Fig. 6.3B). Com-
pared to the latent period at ML (9-12 h), the HL and LL treatment led to a 3 
h increase of the latent period (Figure 6.3C&D; Table 6.2). Light level under 
P replete conditions, furthermore, negatively affected the burst size of PgV, 
i.e. 2.2-fold lower at HL and 1.3-fold at LL (compared to 690 MpV per lysed 
host cell at ML; Table 6.2). Light level under P-limitation did not affect the 
control cultures of P. globosa, but prolonged the time to full lysis under LL 
(Fig. 6.4A&B). Independent of light level, P-limitation resulted in 1 day delayed 
lysis of the infected cultures as compared to P-replete cultures. P-limitation 
prolonged the latent period of PgV with 3h (to 12-15h), with the exception 
of the LL treatment (already 12-15h under P-replete conditions due to low 
irradiance; Fig. 6.4C&D; Table 6.2). Infection of the preconditioned P-limited 
P. globosa resulted in 3.5-fold reduced PgV burst size at ML (as compared 
Figure 6.3 Algal and viral growth curves with abundances of non-infected (A) and infected 
(B) Phaeocystis globosa and PgV (C) under P-replete conditions. Panel D shows PgV abundan-
ces in the first 15 h in more detail. Light treatments are depicted by triangles (HL), circles (ML) 
and squares (LL). Values are averages ± s.d. Grey bar depicts dark (night) period.
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6to P-replete). Under HL this was further reduced by 2.2 and 2.8-fold at HL 
and LL, respectively (Table 6.2). Infectivity of the PgV progeny under P-replete 
conditions (all light levels) and P limitation at ML was between 60 and 100%, 
resulting in infective burst sizes between 176-536 infective viruses per cell 
(Table 6.2). However, under P-limitation with HL or LL, the infectivity of the 
viral progeny was strongly diminished, translating into infective burst sizes of 
respectively 4 and 2 infectious viruses per lysed host cell. 
Discussion
We showed that P-limitation and light can strongly affect phytoplankton phy-
siology and viral proliferation, whereby both variables strengthened each 
other’s effects, but with differences for both species. Light level as well as 
P-treatment (P-replete or P-limited) affected the growth rate of the cultures at 
Figure 6.4 Algal and viral growth curves with abundances of non-infected (A) and infected 
(B) Phaeocystis globosa and PgV (C) under P-limited conditions. Panel D shows PgV abun-
dances in the first 21 h in more detail. Light treatments are depicted by triangles (HL), circles 
(ML) and squares (LL). Values are averages ± s.d. Grey bar depicts dark (night) period. Note 
that the scale of Fig. 6.4C is 10-fold lower than Fig. 6.3C.
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6steady state, but without a clear pattern. Overall, the effects differed for M. 
pusilla and P. globosa, with strongest reduction for P-limited M. pusilla at HL 
and LL for P-limited P. globosa. Similar species-specific effects of light on the 
maximal growth rate were observed for two phytoplankton species in nitrogen 
(N) limited chemostats (Rhee & Gotham 1981). The P-limited state of our cul-
tures was demonstrated by reduced Fv/Fm and cellular P-quotas, which were 
respectively 6-fold (M. pusilla) and 2-fold (P. globosa) lower as under P-replete 
ML conditions (Maat & Brussaard 2016). The FSC, which is a well-accepted 
indicator for relative cell size (Shapiro 1988, DuRand et al. 2002), was also 
affected by P-limitation and light availability in a cumulative way. Our data 
suggest that cell size for both species increased as a response to P-controlled 
growth under ML. Such increased cell sizes could be the result of the accumu-
lation of biochemical compounds, i.e. carbon and nitrogen under P-limitation 
(Liu et al. 2011, Hecky & Kilham 1988). In contrast, M. pusilla (but not P. 
globosa) FSC decreased under HL and LL, suggesting a reduction in cell size. 
This could be part of a mechanism that enhances P-uptake, as decreased 
cell sizes lead to increased cellular surface to volume ratios and decreased 
boundary layers (Raven 1998). Similar effects were found by Peter & Som-
mer (2015) who showed that N- and P-limitation led to decreased cell sizes of 
several phytoplankton species that were grown under the same light levels as 
our HL treatments. The reduced FSC of both species under LL would in turn 
be beneficial by increasing light harvesting capability of the cells, as cell size 
reductions also decrease intracellular self-shading (Raven 1998). As changes 
in cell size (and thus cell surface) would affect the virus-host contact rate 
(Murray & Jackson 1992), this could have implications for virus proliferation 
as well. Further study, using direct cell size measurements, can possibly give 
a more decisive answer. 
At the moment of infection, the phytoplankton host cells were in steady 
state and were thus well acclimated to the P and light conditions, showing con-
stant growth and physiology. Although LL conditions delayed the lysis of the 
P-replete M. pusilla cultures, it did not significantly affect the latent period or 
burst size. Hence, MpV proliferation was solely affected by P-limitation and not 
by light. Quite the opposite, P. globosa showed longer latent periods under LL 
and lower burst sizes under LL and HL. The effects of P-limitation and light on 
PgV burst sizes are thus cumulative, as the inhibiting effects of light are depen-
dent on the availability of P. Another ecologically important additive effect was 
recorded for the progeny PgV that was produced under P-limitation with HL 
and LL conditions, as less than 3% of the produced viruses under these condi-
tions were found to be able to successfully infect a new host. Despite the rela-
tively large error in the MPN assay (resulting from 10-fold dilution set-up), the 
differences between infective and total viral abundance was high, i.e. 35 and 
120-fold for HL and LL under P-limitation (compared to only 1.1 - 1.7-fold for 
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the same pattern as the first time, we believe that these effects are real. No-
tably, these results imply that the abiotic environment can almost completely 
inhibit viral proliferation. Thus far we don’t know how infectivity was exactly af-
fected, but if these non-infective viruses are still able to adsorb to the host cell, 
they potentially may still prevent new infection by viruses that are infective. 
A loss of infectivity can be caused by alterations in the ability of a virus 
to attach, infect (enter host) or transcribe once inside the host (Kapuscinski & 
Mitchell 1980). Energy limitation (as a result of photolimitation and inhibition) 
could have affected the production of complete particles, e.g. genome packag-
ing (Chelikani et al. 2014) in a direct manner. Alternatively, we hypothesize 
that oxidative stress of the P. globosa host due to unfavorable growth condi-
tions may have affected the infectivity of the PgV progeny. Although we cannot 
exclude a direct effect of the reactive oxygen species (ROS) on PgV infectivity 
(under P-limitation with LL or HL), the  ROS scavengers dimethylsulfonio-
propionate (DMSP) and dimethylsulfide (DMS) are (1) produced by stationary 
Phaeocystis sp. (likely as a result of P-depletion) and under conditions of low 
and high light, and (2) shown to affect the infectivity of algal viruses (Matrai et 
al. 1995, Baumann et al. 1994, Stefels & van Leeuwe 1998, Stefels & Boekel 
1993; Evans et al. 2006, 2007). Interestingly, an increase in DMS was also 
observed for virally infected Phaeocystis pouchetii (Malin et al. 1998), but not 
for infected axenic M. pusilla LB991 (Hill et al. 1998), which may help explain 
the difference in response to P-limitation with light level we found between the 
two species. Further study will have to elucidate the mechanisms behind the 
infectivity loss under these conditions.  
It is difficult to pinpoint the underlying mechanisms that led to elon-
gated latent periods and reduced burst sizes under suboptimal light and 
P-availability. P-limitation could have inhibited viral replication by reducing 
the availability of P-containing molecules necessary as viral building blocks 
(nucleotides) or as energy carriers (nucleosides) during replication (Maat et al. 
2014). Such an effect on the energy metabolism is supported by the finding 
that for both species the P-limited treatments, which showed increased latent 
periods and lowered burst sizes, also showed lower steady state Fv/Fm. This 
relation was however largely obscured by light conditions and consequently 
no relation between light intensity, host physiology and virus-host interaction 
could be demonstrated. Optimal viral replication in P. globosa might depend 
on both the occurrence of photophosphorylation and the presence of intracel-
lular energy reserves. When light availability during infection is suboptimal, 
the intracellular energy (ATP) reserves are probably still supporting the pro-
duction of (a reduced amount of) viruses. However under P-limitation, photo-
phosphorylation (light inhibition and limitation) and energy reserves are both 
suboptimal, leading to an additional reduction in PgV burst size. Complete 
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P-replete ML P. globosa, (Baudoux & Brussaard 2008) and M. pusilla Lac38 
(unpublished data). Intracellular energy reserves can thus sustain viral repli-
cation to a similar extent in both species, although for viruses of larger phyto-
plankton host species this might be the only source of energy during infection 
when resources are suboptimal. This is supported by the finding that PgV-07T 
could still replicate in the dark when P. globosa was acclimated to HL and ML, 
but not when it was acclimated to LL (Baudoux & Brussaard 2008). 
The reason that viral infection in M. pusilla is not affected at all by the 
same light conditions that strongly affected virus proliferation P. globosa, could 
be the result of its smaller size, as smaller species are expected to be more 
efficient in the uptake and utilization of light and nutrients (Raven 1998). The 
lower nutrient demand of M. pusilla is supported by the 2-fold lower volume 
specific P-quota of this species compared to P. globosa during steady state. 
Likely photophosphorylation during infection would be more effective in the 
picophytoplankter M. pusilla than in the nanophytoplankter P. globosa and 
the dependency of viral infection on intracellular energy reserves might thus 
increase with the size of the phytoplankton host. Similarly, viral proliferation 
in the small cyanobacterium Anacystis nidulans has been shown to be strictly 
dependent on photophosphorylation while viruses of the larger-sized Chlorella 
sp. and Heterosigma akashiwo are thought to be independent on it (Van Etten 
et al. 1983, Allen & Hutchison 1976, Juneau et al. 2003). 
Ecological implications
Our results indicate that in a P-limited environment (e.g. at end of P. globosa 
bloom or open (sub)tropical ocean), the proliferation of phytoplankton viruses 
would be strongly inhibited, whereby the effects can be intensified by subop-
timal (high or low) light conditions. Species-specific differences were particu-
larly distinct in the number of infectious viruses produced by P-limited host 
at LL and HL. The production of non-infective viral particles by P. globosa 
under these conditions leads to a higher ratio of non-infective to infective viral 
particles. Consequently this reduces successful new viral infection of the host, 
which means lower share of viral lysis (to total mortality). A similar cause may 
explain the delayed virally induced mortality loss of the bloom-forming phyto-
plankter Aureococcus anophagefferens under low light conditions (Gobler et 
al., 2007). In either case, grazing could prevail over viral lysis, which would 
affect the biogeochemical fate of the produced algal biomass (Brussaard et al. 
2008).
Light and P-availability change on a spatial (e.g. vertical distribution 
in water column and geographical) and temporal (e.g. turbulent waters and 
seasonal) scale and affect phytoplankton distribution directly (bottom-up) and 
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6indirectly (top-down; this study). These effects are expected to play a larger 
role in the future, as global warming is expected to strengthen vertical stratifi-
cation and accordingly increased nutrient (P) limitation and prolonged stay at 
either high (surface ocean) or low (deeper in euphotic zone) irradiance. As phy-
toplankton viruses play an important role in the marine environment by driv-
ing host community dynamics and biogeochemical cycling (Wilhelm & Suttle, 
1999, Brussaard 2004, Suttle 2007), data on the effects of various co-stress-
ors on phytoplankton host-virus interactions and the underlying mechanisms 
will further improve our understanding on the marine ecosystem and possible 
implications of climate change.
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Chapter 7
Both phosphorus and nitrogen 
limitation constrain viral 
proliferation in marine 
phytoplankton
Douwe S. Maat and Corina P.D. Brussaard
Aquatic Microbial Ecology (2016) 77:87-97
7Abstract
Through cell lysis, viruses shape phytoplankton community composition and 
stimulate biogeochemical cycling in the oceans. Earlier studies indicate that 
reduced phosphorus (P) availability can affect phytoplankton virus prolifera-
tion. The effects of nitrogen (N) availability are claimed to be weaker than for 
P, but this has not been thoroughly studied. Here we investigated how N-lim-
iting growth conditions, resulting in altered algal elemental stoichiometry and 
physiology, affected virus proliferation in the phytoplankters Micromonas pu-
silla and Phaeocystis globosa. Algal cultures were adapted to balanced nutri-
ent limited N-, P- and NP-controlled growth before infection with their respec-
tive viruses MpV-08T and PgV-07T. The viral infection experiments were then 
performed in batch cultures to allow optimal one-step virus growth cycles. 
Compared to the nutrient replete cultures, infection of nutrient-controlled 
hosts resulted in elongated latent periods (time until first virus release) and 
reduced viral burst sizes (viruses per lysed host cell) for both MpV and PgV. 
For MpV, the viral burst size was reduced by 70%, independent of the type 
of nutrient. The burst size of PgV was most reduced under N-limitation, by 
as much as 92%, compared to 70% under P-limitation. Overall, our results 
demonstrate that algal virus production can be strongly impaired by N-limita-
tion and that the effects are of a similar magnitude or even larger as for P. Our 
study indicates that viral control of natural phytoplankton populations might 
be strongly driven by both P- and N-availability. 
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As the main primary producers in the marine environment, phytoplankton 
play a central role in biogeochemical cycling in the oceans. Overall phyto-
plankton production, community structure and food web dynamics are re-
gulated by bottom-up (e.g. nutrients) and top-down (e.g. viral lysis) control 
(Dufour & Torréton 1996, Sterner 1989, Mojica et al. 2016). Both growth and 
cellular physiology (e.g. net carbon production, stoichiometry, etc.) are often 
limited by the availability of nitrogen (N) and of phosphorus (P) (Tilman et 
al. 1982, Moore et al. 2013). While P-limitation is prevalent in areas such as 
the Sargasso Sea and the eastern Mediterranean (Dyhrman et al. 2007), N 
is regarded as the dominant limiting nutrient in large parts of the oligotrop-
hic Pacific- and Atlantic Ocean. Furthermore, the actual limiting nutrient for 
phytoplankton in a certain area can depend on the season, and often the 
stoichiometry of both elements is such that phytoplankton may be limited 
by more than one nutrient, i.e., only the addition of both N and P would lead 
to increased production or biomass (Arrigo 2005, Moore et al. 2013). Viru-
ses are important mortality agents for phytoplankton, and viral lysis drives 
phytoplankton community dynamics, succession and biogeochemical cycling 
(Wilhelm & Suttle 1999, Suttle 2007, Brussaard et al. 2008). Environmen-
tal factors such as nutrient availability have been found to influence algal 
host-virus interactions (Mojica & Brussaard 2014). While several studies have 
shown that reduced P-availability of virally infected eukaryotic phytoplankton 
can result in elongated latent periods and reduced viral burst sizes (Bratbak 
et al. 1993, Clasen & Elser 2007, Maat et al. 2014), little is known about the 
influence of N-availability on algal virus proliferation. To date two studies of 
Emiliania huxleyi blooms under N-depletion showed either no effect (Bratbak 
et al. 1993) or merely a delaying effect on viral proliferation (Jacquet et al. 
2002). However, as these results were obtained from mesocosm studies, nu-
trient conditions were difficult to control and other factors affecting algal and 
viral dynamics, such as viral decay cannot be excluded. For a more detailed 
understanding on the effects of N-availability on phytoplankton virus-host 
interactions, culture experiments are required. A laboratory study using Phae-
ocystis pouchetii showed that N-starvation of the host before infection resulted 
in reduced burst sizes as compared to nutrient replete cultures (Bratbak et 
al. 1998). Yet at the moment of infection, the cells were already in stationary 
phase for some days (in contrast, the nutrient replete cells were growing ex-
ponentially), which makes it hard to pin-point the exact causal factor of the 
reduced burst sizes. Jacquet et al. (2002) brought up the need for more work 
on this topic to clarify the effects of N-limitation on virus-phytoplankton in-
teraction. Indeed, a better insight into which nutrients affect phytoplankton 
virus proliferation is pivotal because nutrient limited phytoplankton growth 
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7and cell physiology is ubiquitous in the marine environment (Moore et al. 
2013) and viral lysis an important factor of phytoplankton mortality and major 
driver of marine biogeochemical cycling (Wilhelm & Suttle 1999, Baudoux et 
al. 2007, Mojica et al. 2016). 
The aim of this study was to investigate how N-limited algal stoichi-
ometry and physiology affect virus proliferation in the phytoplankton species 
Micromonas pusilla and Phaeocystis globosa. The effects of N were thereby 
compared to the effects of P and additionally mixed-nutrients (NP). Both algal 
species belong to genera with a global distribution (Schoemann et al. 2005, 
Slapeta et al. 2006). The picoeukaryotic photoautotroph M. pusilla is readily 
infected by viruses (Cottrell & Suttle 1995) and blooms of P. globosa have 
been shown to be controlled by viruses (Baudoux et al. 2006, Brussaard et 
al. 2005). The algal cultures were pre-grown under nutrient-controlled con-
ditions, which synchronized the physiological state of the algal cells. As virus 
reproduction took place during the first half day post infection (p.i.), the nu-
trient status of the host cell at the moment of infection was expected to largely 
control virus growth characteristics, i.e. the latent period and burst size. For 
clarity, the term (i) nutrient limitation is used as a general term that describes 
reduced growth or altered stoichiometry and physiology due to low nutrient 
availability (Moore et al. 2013), (ii) nutrient controlled growth refers to bal-
anced algal growth rate which is dictated by the actual dilution rate (Quinlan 
1986, MacIntyre & Cullen 2005), and (iii) nutrient starvation is the temporal 
unbalanced nutrient limited state of the cultures in batch mode (Parkhill et 
al. 2001), as encountered during the infection experiments (Maat et al. 2016). 
Materials and Methods
Culturing and experimental set-up
Axenic M. pusilla Mp-LAC38 (Culture collection Marine Research Center, Go-
teborg University) and P. globosa G(A) (Culture collection University of Gronin-
gen, The Netherlands) were cultured at 15˚C under a 16:8h light:dark cycle 
with 100 µmol quanta m-2 s-1 irradiance during the light period (18W/965 
OSRAM daylight spectrum fluorescent tubes; München, Germany). The me-
dium used (Mix-TX) was a 1:1 mixture of modified f/2 medium (Guillard & Ry-
ther 1962) and artificial seawater (ESAW; Harrison et al. 1980), enriched with 
Tris-HCl and Na2SeO3 (Cottrell & Suttle 1991), and with Na2-glycerophophate 
omitted. Semi-continuous nutrient controlled culturing was chosen over full 
continuous (chemostat) cultures due to logistical considerations, as for good 
comparisons we needed to handle 48 cultures simultaneously. Although diffe-
rent from chemostats, because the cultures are diluted once per day instead of 
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7continuously, this method yields comparable constant growth and physiology. 
With both types of culturing, the concentration of the limiting nutrient deter-
mines the algal abundances (biomass), while the medium dilution rate or the 
supply of the limiting nutrient, determines the algal growth rate (µ) (Quinlan 
1986, Nicklisch 1999). The concentrations of NaNO3 and Na2HPO4 in the Mix-
TX medium (Table 7.1) were then chosen as such that the cell abundances of 
the nutrient controlled cultures were comparable. The maximum growth rates 
of the algal species were initially determined in replete batch cultures with 
low abundances. In the nutrient limiting semi-continuous cultures, growth 
was then maximized under these specific conditions, i.e. maintained as close 
as possible to the µmax, i.e. highest possible without wash-out of cells. The 
maximum cell abundance that was reached in this manner was maintained 
and steady state samples for nutrient concentrations and algal physiology 
were taken. In this way the nutrient limited cultivation allowed cells to grow 
at rates identical to chemostat culturing and potentially even near maximum 
growth rate (µmax; as under nutrient replete conditions; Quinlan 1986, Henry et 
al. 2008). Hence, on a daily basis the cells received a specific amount of limi-
ting nutrient similar to the total cell quotas, i.e., just enough to maintain the 
set growth rate under the specific conditions. Although the nutrients in our 
semi-continuous cultures were taken up by the cells within the hour, the diel 
dynamics of cell growth and photosynthetic efficiency were similar to those 
under replete conditions and thus not affected by the discontinuous addition 
of medium (nutrients; Fig. 7.S1). Growth of the semi-continuous cultures was 
either N-controlled, P-controlled or NP-controlled, meaning that daily addition 
of respectively N, P or N and P allowed growth of the cultures. Nutrient replete 
cultures were used as control treatment, whereby the dilution rate was chosen 
to keep cell abundances at a fixed abundance which was comparable to the 
abundances reached in the nutrient limited cultures, and according to the 
turbidostat principle (MacIntyre & Cullen 2005). Cultures were considered to 
be at steady state (balanced growth) when growth rates and cell abundances 
prior to dilution maintained constant with time. Over the 4 weeks before the 
experiment, average (±s.e.) cell abundances were 1.2±0.04×106, 1.4±0.04×106, 
1.2±0.03×106 and 3.2±0.12×105, 3.0±0.0.06×105, 3.0±0.06×105 for the N-, P- 
and NP-controlled cultures of M. pusilla and P. globosa, respectively. Steady 
state inorganic nutrient concentrations were additionally monitored to make 
sure that all of the daily added nutrients were taken up by the cells. The 
average daily growth rates during steady state are depicted in Table 7.1. All 
treatments were performed in triplicate. The cultures were also sampled on 
a daily basis for flow cytometry (FCM) for the analysis of cell abundances, 
mean cellular forward scatter (FSC; indicator of cell size) and chlorophyll au-
tofluorescence (RFL). Nutrient concentrations (sampled regularly during ste-
ady state and at the end of the viral infection experiments) were analyzed by 
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7colorimetry and the photosynthetic efficiency (Fv/Fm) was monitored by pulse 
amplitude modulated (PAM) fluorometry. Steady state cellular nutrient quotas 
of the nutrient controlled axenic phytoplankton cultures were calculated by 
dividing the decrease in the growth limiting nutrient in the culture over 24h 
by the increase in cell abundance over the same time period (Table 7.1; Veld-
huis & Admiraal 1987). For the nutrient-controlled conditions the nutrient 
uptake equalled the daily input as concentration after 24h was always below 
detection limit. For the replete cultures the nutrient quotas were determined 
in the same way and under the same conditions. The nutrient limited state 
of the cells was demonstrated by alterations in cellular physiology, especially 
cellular nutrient quotas and Fv/Fm, both specific indicators of phytoplankton 
nutrient limitation (Beardall et al. 2001, Maat et al. 2014).
Two days before the experiment each culture was split into two cul-
tures, of which one was used as non-infected control and the other was virally 
infected, in order to accommodate the viral infection experiments. As each 
treatment was cultured in triplicate, this yielded per species a total of 3 repli-
cate non-infected controls and 3 replicate infected cultures per nutrient treat-
ment. Viral infection experiments were started 3 h into the light period and 
performed in batch, with dilution and hence supply of the limiting nutrient 
stopped, in order to (i) optimize the conditions for successful one-step virus 
growth curve (from which the latent period and burst size are determined), 
and (ii) avoid virus proliferation simultaneous with the uptake of the added 
limiting resources, as this may influence virus growth characteristics. For the 
first 12 h Fv/Fm of the ‘batched’ non-infected culture was identical to a nu-
trient controlled culture that still received the daily supply of limiting nutrient 
(Fig. 7.S1) and only towards the end of the first day did Fv/Fm of the batch 
culture drop by about 10%.
 Cultures were inoculated with axenic viral lysate at a multiplicity of 
infection (MOI) of 10. Infectivity was determined by endpoint dilution of the 
algal virus lysates according to Suttle (1993) and the abundance of infec-
tious viruses was found largely comparable to total virus count by FCM. Both 
axenic MpV-08T infecting M. pusilla LAC-38 (Martinez Martinez et al. 2015) 
and axenic PgV-07T infecting P. globosa G(A) (Baudoux & Brussaard 2005) 
are lytic dsDNA viruses and originate from the NIOZ culture collection. Viral 
lysates were obtained under the same conditions as the algal hosts, where-
by the lysates for the N- and P-limited treatments were produced by at least 
three infection cycles on N-, P- or NP-controlled host. No detectable levels of 
limiting nutrient(s) were recorded in the lysates that were used for the viral 
infection experiments. The non-infected controls received sterilized 0.2 µm 
filtered (Sartorius A.G. cellulose acetate filters, Goettingen, Germany), aged 
natural seawater with N- and P-concentrations below the limit of detection. 
Sampling post infection (p.i.) took place every 3-6 h for algal and viral abun-
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7dances and every 24 h for PAM fluorometry. The latter only for the non-in-
fected cultures. Viral infectivity of the progeny viral lysates was determined at 
the end of the experiments using endpoint dilution assay (Suttle 1993) and 
compared to FCM total virus counts in order to obtain % infective. Inorganic 
nutrient concentrations were sampled at the start and end of the experiments. 
Algal and viral abundances were monitored during the infection experiment 
to determine the viral latent periods and burst sizes. Latent periods were de-
termined as the time interval in which a clear increase in viral abundances 
was observed that continued during the following time-points. The burst sizes 
were determined by dividing the number of produced viruses by the maximum 
number of lysed host cells. 
Both the algal cultures and viral lysates were regularly checked for ax-
enity by epifluorescence microscopy (Porter & Feig 1980). In short, 1 ml sam-
ples were fixed with 0.1% final concentration glutaraldehyde, stained with 
DAPI (4’,6-diamidino-2-phenylindole, dihydrochloride; Life Technologies Ltd. 
Paisley, UK) and filtered over a 0.2µm black polycarbonate filter (Whatman, 
Maidstone, UK). The cultures were axenic at all times.
Analyses
Flow cytometric determination of phytoplankton abundances was done on 
fresh samples according to Marie et al. (1999) using a BD Accuritm C6 cyto-
meter (BD Biosciences, San Jose, Ca, USA) with the trigger on Chlorophyll a 
red autofluorescence (RFL). The phytoplankton cells were distinguished in a 
scatter plot of RFL versus forward scatter (FSC). The mean cellular RFL and 
FSC signals were recorded as indicators for steady state cellular chlorophyll 
content and cell size (Shapiro 1988, DuRand et al. 2002). 
Viruses were enumerated on fixed samples (according to Brussaard 
2004) using a 488 nm argon laser-containing benchtop FacsCalibur flow cy-
tometer (BD Biosciences, San Jose, Ca, USA) with the trigger set on green 
fluorescence. In short, 1 ml samples were fixed with 25% glutaraldehyde (EM-
grade, 0.5% final concentration; Sigma-Aldrich, St. Louis, MO, USA), incubat-
ed for 30 minutes at 4°C, flash frozen in liquid nitrogen and stored at -80°C. 
After thawing and prior to analysis, the samples were diluted 100-1000 fold 
in 0.2 µm filtered (FP 30/0,2 CA-S Whatman, Dasser, Germany) TE-buffer 
(pH=8), stained with SYBR Green I to a final concentration of 0.5×10-4 of the 
commercial stock (Life Technologies Ltd., Paisley, UK) for 10 min at 80°C. 
Viruses were quantified on a scatter plot of green fluorescence versus side 
scatter (SSC). All flow cytometry data were analyzed using CYTOWIN 4.31 
(Vaulot 1989). 
Samples for Fv/Fm (2 ml) using PAM fluorometry (Water-PAM, Walz, 
Germany) were kept in the dark at in situ temperature for 15 min, after which 
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7the minimal (F0) and maximal (Fm) chlorophyll autofluorescence were mea-
sured. The variable fluorescence Fv was defined as Fm-F0 (see Maxwell & 
Johnson (2000). 
Nutrient samples (5ml) were filtered over 0.2 µm Supor® membrane 
syringe filters (Pall Acrodisc®, Ann Arbor, MI, USA) into (Perkin Elmer, Shelton, USA) Pony 
vialsTM. Samples were stored at -20ºC until analysis for NO3
- and PO4
3- on a 
TRAACS autoanalyzer 800+ (Bran+Luebbe, Norderstedt, Germany), according 
to Hansen and Koroleff (1999). The detection limits were 0.01 and 0.05 µM for 
PO4
3- and NO3
-, respectively. 
Statistics
Statistical analyses were carried out with either one-way ANOVAs or non-
parametric Kruskall Wallis tests in the program SigmaplotTM 12.0 (Systat 
software Inc, Chicago Il, USA). In the tables significant differences (p<0.05) 
between values are depicted by different letters (superscript), i.e. when two 
values have the same letter, they are not different.
Results 
Steady state of preculturing phase
For both species, the maximized steady state exponential growth rates under 
nutrient controlled semi-continuous culturing were not affected by the type of 
limitation (N-, P- or NP-control; Table 7.1). The nutrient controlled M. pusilla 
cultures were still able to reach near-maximum growth rate (µmax) as under 
nutrient replete conditions, but for the nutrient controlled P. globosa cultures 
this was at best 73% of µmax under replete conditions (Table 7.1). The cellular 
nutrient quotas of the nutrient controlled cultures were strongly reduced as 
compared to the replete treatment with excess nutrients (Table 7.1). For M. 
pusilla the N- and P-quotas under nutrient controlled growth were both ap-
proximately 7-fold lower relative to nutrient replete. For P. globosa this was 
11-fold for the N quota, but only 1.5-fold for the P quotas. The mean cellular 
RFL in the N- and NP-controlled cultures was, in contrast to the P-controlled 
treatment, significantly reduced for both phytoplankton species. Moreover, 
mean cellular FSC of M. pusilla was reduced under these conditions (Table 
7.1). Finally, for both algal species the Fv/Fm of the nutrient limited cultures 
at steady state was slightly, but significantly, reduced compared to the replete 
cultures (Table 7.1).
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7Viral infection experiments
The viral infection experiments were carried out under batch conditions using 
the steady state nutrient controlled and nutrient replete cultures. Growth of 
the non-infected nutrient replete cultures did not change as a result of the 
batch mode, as can be expected under excess nutrient conditions (Fig. 7.1&2). 
However, the algal growth rates of the nutrient limited non-infected M. pusilla 
Figure 7.1 Abundances of non-infected (closed symbols) and infected (open symbols) Micro-
monas pusilla under nutrient limited (A) and replete (B) conditions. Error bars show standard 
errors.
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7and P. globosa cultures showed a respective 62±16 and 81±10 % decrease over 
the first 24 h p.i. No significant difference was found for the different types 
of limitations (N, P and NP; one-way ANOVA, 0.438<p<0.653), demonstra-
ting nutrient starvation upon the transition from balanced nutrient control-
led growth to batch conditions (Fig. 7.1&2). The Fv/Fm of the non-infected 
nutrient limited M. pusilla cultures at 24 h p.i. showed a 33±0.02 % reduction 
Figure 7.2 Abundances of non-infected (closed symbols) and infected (open symbols) Phaeo-
cystis globosa under nutrient limited (A) and replete (B) conditions. Error bars show standard 
errors.
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7Table 7.2 The latent period (h), burst size (viruses produced per lysed host cell) and percen-
tage reduction in burst size of MpV and PgV under N-, P- and NP-limitation and compared to 
nutrient replete treatment. Values are averages ± standard error of triplicate cultures. Signifi-
cant differences (p<0.05) between the treatments (per species) are depicted by different letters 
(a,b,c), i.e. numbers with the same letters are not statistically different. 
Species Treatment Latent period (h) Burst size (viruses 
cell-1)
burst size reduction relative 
to replete (%)
M. pusilla N-limitation 9-12 67 ±6 b 71
P-limitation 9-12 69 ±2 b 70
NP-limitation 9-12 77 ±2 b 67
Replete 6-9 229 ±1 a
P. globosa N-limitation 12-15 61 ±14 c 93
P-limitation 12-15 230 ±36 b 72
NP-limitation 12-15 49 ±11 c 94
Replete 9-12 823 ±27 a
in comparison with steady state conditions, while this was a mere 12±0.04 % 
decrease for P. globosa. Time until full lysis of the infected M. pusilla cultures 
was equally fast for the three nutrient treatments (48 h), but for infected P. 
globosa full lysis of the N- and NP-limited cultures was reached approximately 
24 h later than of the P-limited ones (48-72 h; Fig. 7.1 & 7.2). 
The viral latent periods were not affected by the type of nutrient lim-
itation, but overall both MpV and PgV latent periods were prolonged under 
nutrient limitation, i.e. 9-12 and 12-15h, respectively, compared to replete 
Figure 7.3 Abundances of Micromonas pusilla virus (MpV) during the viral infection exper-
iment under N-limited (closed triangles), P-limited (open circles), NP-limited (open triangles) 
and nutrient replete (closed circles) culture conditions. Error bars show standard errors.
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7conditions, which were 6-9 and 12-15h, respectively (Table 7.2, Fig. 7.3&4, 
Fig. 7.S2). Also the rate of virus progeny increase (production) was lower un-
der the nutrient limitations in both species (Fig. 7.3&4). For MpV this was 
for all nutrient limitations 27% lower than under nutrient replete conditions 
(11×106 MpV ml-1 h-1), while for PgV this was 88% under N- and NP-limitation 
and 63% under P-limitation, in comparison to 5.6×106 PgV ml-1 h-1 for nutri-
ent replete. The higher total MpV yield in the N-limited cultures related to the 
slightly higher algal host abundance prior to lysis (Fig. 7.1&3). The MpV burst 
sizes under nutrient limiting conditions were reduced by 69±2 % as compared 
to nutrient replete conditions (229 viruses per cell), independent of the type 
of limitation (Table 7.2). For P. globosa this reduction was strongest under 
N- and NP-limitation (>93%) and similar under P-limitation (72%; compared 
to nutrient replete of 823 viruses per cell; Table 7.2, Fig. 7.4). For both algal 
species, viral infectivity was not affected by the nutrient treatments. 
Figure 7.4 Abundances of Phaeocystis globosa virus (PgV) during the viral infection experi-
ment under N-limited (closed triangles), P-limited (open circles), NP-limited (open triangles) 
and nutrient replete (closed circles) culture conditions. Error bars show standard errors.
163
Algal virus production affected by N-limitation
7Discussion
Steady state of preculturing phase
By using semi-continuous cultivation, the algal cultures were well-acclimated 
to growth under nutrient limiting conditions. During steady state the cells 
showed clear nutrient limited physiology (Quinlan 1986, Nicklisch 1999; 
Moore et al 2013). This was most pronounced for the Fv/Fm and cellular 
nutrient quotas, both well-accepted indicators of phytoplankton nutrient li-
mitation (Beardall et al. 2001). The reduction in Fv/Fm of nutrient limited 
phytoplankton is the result of a lowered photosynthetic rate, probably due 
to reduced concentrations of ATP and reductants (Beardall et al. 2001). The 
stronger Fv/Fm reduction in N-controlled P. globosa, in comparison to the 
P-controlled cultures, may be attributed to a reduction of the photosystem 
II (PSII) reaction center protein D1 under N limitation (Geider et al. 1993). 
Furthermore, the reduction in cellular RFL under N-controlled growth, which 
was observed for both species, indicates chlorosis, a reduction in cellular chlo-
rophyll a content. Chlorosis decreases the total demand of nutrients for pho-
tosynthesis and leads to reduced intracellular self-shading with consequently 
a more efficient light harvesting per chlorophyll molecule (Berner et al. 1989). 
  The differences in N- and P-quota between nutrient replete and limited 
M. pusilla might be partly or completely due to the accumulation, i.e. storage, 
of these elements under P-replete conditions. M. pusilla has been shown to 
have largely reduced concentrations chlorophyll a and phospholipids when 
grown under P-controlled growth (0.97 and 0.32 µmax), compared to P-replete 
conditions (Maat et al. 2014, Maat et al. 2016). This demonstrates that the 
quota reductions are at least in part due to reductions of actual cellular com-
ponents. Still, the reductions are within the ranges that are reported in the 
literature (Geider & LaRoche, 2002).  For P. globosa, the P-quota reduced to 
a stronger extent than the N-quota, suggesting that this nanophytoplankter 
copes better with N-limitation. This is supported by a study that showed a 
competitive advantage of Phaeocystis over other phytoplankton species under 
N-limiting conditions, while being outcompeted under P-limiting conditions 
(Riegman et al. 1992). NP-controlled growth led to decreased quota of both N 
and P in both species, suggesting that the cells were co-limited (Moore et al. 
2013). It is, however, difficult at this stage to determine whether growth was 
ultimately inhibited by only one of the nutrients or whether both were involved 
(Arrigo 2005, Moore et al. 2013). Volume-specific nutrient quotas, based on a 
linear relation between cells size and FSC, showed similar relative differences 
as the quotas per cell (Table 7.S1). 
There were differences in the capability of the phytoplankton species to 
handle nutrient controlled growth, i.e. nutrient controlled P. globosa showed 
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7maximum growth rates that were reduced by approximately 30% in compari-
son to nutrient replete growth, whereas M. pusilla was able to reach near-max-
imum growth rates. Thus despite the poorer physiological state of the nutri-
ent limited M. pusilla cells relative to the nutrient replete cells, they had just 
enough of the limiting nutrient to allow growth similar to the maximum growth 
rate observed under nutrient replete conditions. Similar results are reported 
for M. pusilla growing in P-limited chemostats, with net primary production, 
photophysiology and P:N:C stoichiometry strongly reduced (Maat et al. 2014). 
The ability of M. pusilla to still grow near µmax implies that this species is better 
adapted to cope with low nutrient supply than P. globosa. This might be the 
result of its smaller cell size, i.e. 2 µm cell diameter as compared to 5 µm for 
P. globosa. Smaller-sized species are indeed thought to be better adapted to 
nutrient limitation, due to their higher surface to volume ratio, and smaller 
cell boundary layer (Raven 1998). The reduction in mean cellular FSC under 
N- and NP-controlled growth suggests that M. pusilla became even smaller 
in response to shortage of N. This could either be an adaptation to develop a 
more efficient nutrient uptake, i.e. more optimal surface to volume ratio, or a 
result of reduced intracellular components due to reduced total protein con-
tent (Geider et al. 1993). 
Virus infection experiments
The one-step virus growth cycles of both MpV and PgV were strongly affect-
ed by N- and P-limitation, resulting in prolonged latent periods and strongly 
reduced burst sizes, independent of the type of nutrient. Similar effects on 
the viral latent periods and burst sizes were found in an independent pilot 
experiment 6 months in advance of this study (n=3; Table 7.S2). The results 
are thus highly reproducible, showing that the observed effects are inherent 
to the tested species and conditions. The observed effects may, however, be 
underestimated as theoretically the organic nutrients in the added viral lysate 
could have affected viral proliferation. Yet, considering the 10% (v/v) addition 
of viral lysate with 70% of the released cellular nutrients in the dissolved 
phase (Gobler et al. 1997) and an estimated 35% N and 70% P bioavailable 
(Lønborg & Álvarez-Salgado, 2012), the contribution to the total N and P in the 
cultures would have been a few percent at maximum. 
Although the specific phytoplankton growth rates decreased when the 
medium supply was stopped, there were no significant differences for the type 
of nutrient limitation (N, P or NP). At the same time there were, however, nutri-
ent type-specific differences in the speed and extent of PgV proliferation, i.e., 
slower host lysis, lower viral production and lower burst sizes for the N and 
NP treatment. This indicates that host growth rate as such was not the sole 
determinant for the outcome of infection and that the physiological history of 
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7the algal host, or preconditioning phase, also determines the effects on virus 
proliferation. Still, the species-specific relative reduction in growth rate under 
nutrient limitation, which was stronger for P. globosa than M. pusilla, seems 
to be reflected in the virus growth characteristics, i.e. stronger negative effects 
for P. globosa. The viral latent periods of both species were prolonged by all 
nutrient limitations. This demonstrates that not only P (Bratbak et al. 1993, 
Wilson et al. 1996, Clasen & Elser 2007, Maat et al. 2014) but also N is need-
ed for optimal virus proliferation. The observed elongations of the viral latent 
periods under P-limitation were also reported for MpV infecting M. pusilla, 
pre-grown in chemostats at 0.97 µmax (Maat et al. 2014). Strikingly, our re-
sults show that N-limitation of the algal host can have similar (MpV) and even 
larger (PgV) adverse effects on virus production than P-limitation, i.e. rates of 
increase of extracellular progeny viruses and viral burst sizes. Even despite 
the finding that P. globosa was able to reduce its N-quotas to a stronger ex-
tent than its P-quotas and thus seems better able to cope with N limitation, 
viral progeny production and burst sizes were thus more strongly affected by 
N-limitation than P-limitation. Although the NP-controlled treatment resulted 
in significantly higher nutrient quotas than the single-limitations of P or N 
for both species, the differences were very small, which might explain why no 
significant additional effect was found on viral proliferation of this treatment. 
Previous studies on virus proliferation in nutrient depleted mesocosms 
suggest that a shortage of P is a more important inhibitor of viral replication 
in phytoplankton than N (Bratbak et al. 1993, Jacquet et al. 2002). The au-
thors hypothesized that this is due to lower N:P ratios of viruses as compared 
to algal hosts. Here we show that not only P-, but also N-limitation negatively 
impacts viral proliferation. In the mesocosm experiments, Emiliania huxleyi 
and the virus EhV were the dominant host-virus system (Bratbak et al. 1993, 
Jacquet et al. 2002). It could be that the observed differences were due to spe-
cific responses of the different host-virus model systems. Alternatively, viral 
abundances could have been underestimated due to adsorption to aggregates 
(Brussaard et al. 2005, Mojica & Brussaard 2014), or the N-depletion un-
der the semi-natural mesocosm conditions was not severe enough, by which 
nutrient availability or turnover was still too high to be truly limiting viral 
production in the infected host cells. Indeed, nitrate concentrations in the 
N-depleted mesocosms in the study of Bratbak et al. (1993) were not continu-
ously low and showed regular spikes of nitrate up to 2 µM during the increase 
in EhV, which was likely enough to sustain host growth and EhV production. 
Host characteristics are strongly affected by nutrient limitation, and 
viruses are strictly dependent on their host cells for the energy and elements 
needed for replication. Hence, the constraint on viral proliferation is likely 
the result of the physiological state of the host, i.e., decreased amount of en-
zymes and accessory molecules that are involved in viral replication. Nitrogen 
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in viral replication, such as transcription and translation of the viral genes 
and possibly photophosphorylation (Mackenzie & Haselkorn 1972, Baudoux 
& Brussaard 2008). As nutrient limitation has been shown to lower total pro-
tein content in phytoplankton cells, this might be an even more important 
causal factor of nutrient limitation of viruses than the actual role of N as an 
element in the actual viral components. The same holds for P, which is an 
irreplaceable element in the energy metabolism of organisms and thus also in 
the above mentioned processes. Indeed, P-limitation has been shown to lead 
to reduced intracellular adenylate content (AMP, ADP and ATP) in phytoplank-
ton (Theodorou et al. 1991). It has been suggested that some phytoplankton 
viruses recycle host nucleic acids, but it is not clear to what extent this would 
happen (Brown et al. 2007, Brown & Bidle 2014). 
Ecological implications
Many questions are still unresolved about the precise role that phytoplankton 
viruses play in biogeochemical cycling in the oceans and how these processes 
are affected by the abiotic environment (Mojica and Brussaard 2014). Here 
we show that N-availability has the same potential as P-availability in its ef-
fects on phytoplankton growth and physiology, and consequently the ability 
of their lytic viruses to propagate. Extrapolating this to natural ecosystems, 
the diminished virus production under N- and/or P- limitation will reduce 
the chance of new infections of phytoplankton (Levin & Lenski 1983, Murray 
& Jackson 1992, Bratbak et al. 1998, , Mann 2003). The significance of N 
and P as regulatory factors seems high as these nutrients are often limiting 
marine phytoplankton production in many coastal and oceanic regions world-
wide (Moore et al. 2013). Besides, nutrient limitation is expected to increase in 
space and time due to global climate change-induced warming of the surface 
oceans and subsequently strengthened vertical stratification (Sarmiento et al. 
2004, Behrenfeld et al. 2006). Yet, to what extent nutrient limitation will con-
trol virus-host interactions under natural conditions will depend on several 
factors, such as the algal host species or size class (this study), the nutrient 
supply rate during the infection cycle and the type of limiting nutrient (this 
study). Further studies using different virus-host model systems are needed 
to elucidate host species-specificity and examine the consequences of virus 
replication under macro- or micronutrient stress on the flow of energy and 
matter.
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7Supporting information
Table 7.S1 Volume specific cellular nutrient quotas of Phaeocystis globosa and Micromonas 
pusilla under N- limited, P-limited, NP-limited and nutrient replete conditions. Cell volume 
was calculated from the cell diameter, which was based on a linear relationship between 
phytoplankton cells size (y) and mean cellular FSC (x) (y=0.0075x +1.2373; r2=0.9979) of the 
three phytoplankton species P. globosa and M. pusilla and Heterosigma akashiwo.
P. globosa M. pusilla
P (fmol µm-3) N (fmol µm-3) P (fmol µm-3) N (fmol µm-3)
N-limited 0.17 0.08
P-limited 0.04 0.02
NP-limited 0.05 0.19 0.03 0.10
replete 0.06 1.85 0.12 0.52
Table 7.S2 Viral latent periods and burst sizes of the preceding pilot experiment (n=3). The 
experiment was carried out 6 months before the experiments in the presented study and ac-
cording to the same methods. NP-limitation was not tested (n.d.: not determined)
P. globosa M. pusilla
Latent 
period (h)
Burst size 
(viruses cell-1)
Burst size 
reduction (%) 
Latent 
period (h)
Burst size
(viruses cell-1)
Burst size 
reduction (%)
N-limited 12-16 72 ±6 91 8-12 62 ±3 72
P-limited 12-16 198 ±26 75 8-12 70 ±4 68
NP-limited n.d. n.d. n.d. n.d.
replete 8-12 801 ±112 4-8 219 ±10
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Figure 7.S1 Diel cycle of M. pusilla growth (A) and Fv/Fm (B) under P-controlled semi-conti-
nuous culturing. The diluted semi-continuous culture (grey circle) shows similar dynamics 
as the P-replete culture (black circle), indicating that discontinuous supply of nutrients does 
not affect balanced nutrient limited growth (i.e. no ‘feast-famine’ dynamics, but rather a con-
tinuous nutrient limited state). Phosphate added to the P-controlled (A; cross) culture at 0 h 
is taken up (to below the limit of detection) within 60 min after addition. Algal cells displayed 
synchronized cell division related to the dark period (shaded areas). Under batch conditions 
(i.e. halted supply of the limiting nutrient to the culture, inducing starvation) cell abundance 
stays constant over the 24 h. Fv/ Fm initially follows the diel pattern of the semi-continuous 
culture, but at the end of the 24 h it declines due to P-starvation.
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7Figure 7.S2 Viral abundances over time in the first day post-infection to show the latent pe-
riods in more detail. The latent period was determined as the time interval in which a clear 
increase of viral abundance was observed, continuing throughout the following time-points. 
Error bars show standard errors.
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Virus production in phosphorus 
limited Micromonas pusilla 
stimulated by a supply of naturally 
low concentrations of different 
phosphorus sources, far into the 
lytic cycle
Douwe S. Maat, Judith D.L. van Bleijswijk, Harry J. Witte and 
Corina P.D. Brussaard
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8Abstract 
Earlier studies show that the proliferation of phytoplankton viruses can be 
inhibited by depletion of soluble reactive phosphorus (SRP; orthophosphate). 
In natural marine waters, phytoplankton P-availability is, however, largely 
determined by the supply rate of SRP (e.g. through remineralization) and po-
tentially by the source of P as well (i.e. the utilization of soluble non-reactive 
P; SNP). Here we show how a steady low supply of P (mimicking natural P-re-
cycling) to virally infected P-limited Micromonas pusilla stimulates virus prolif-
eration. Independent of the degree of P-limitation prior to infection (0.32 and 
0.97µmax chemostat cultures), SRP-supply resulted in 2-fold higher viral burst 
sizes (viruses per lysed host cell) as compared with no addition (P-starvation). 
Delaying these spikes during the infection cycle showed that the added SRP 
was utilized for extra M. pusilla virus (MpV) production far into the lytic cycle 
(18h post infection). Moreover, P-limited M. pusilla utilized several SNP-com-
pounds with high efficiency and with the same extent of burst size stimulation 
as for SRP. Finally, addition of virus-free MpV lysate (representing a complex 
SNP-mixture) to newly infected cells enhanced MpV production, implicating 
host associated alkaline phosphatase activity, and highlighting its important 
role in oligotrophic environments.
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Phosphorus (P) is an important macronutrient for all organisms. As a compo-
nent of lipids, sugars and nucleic acids it is involved in the structuring, me-
tabolism and reproduction of cells. In many marine systems, relative shortage 
of this element is responsible for the limitation of phytoplankton productivity 
and biomass (Ruttenberg 2003; Dyhrman et al. 2007). The ecological impor-
tance of P-limitation of phytoplankton is expected to increase as a consequen-
ce of enhanced vertical stratification of many oceanic regions due to global cli-
mate change (Karl et al. 1997; Sarmiento et al. 2004; Behrenfeld et al. 2006).
Reduced availability of soluble reactive phosphorus (SRP; orthophos-
phate) has been shown to lower the impact of viral infection on phytoplankton 
mortality (Bratbak et al. 1993; Wilson et al. 1996; Bratbak et al. 1998; Clasen 
& Elser 2007; Maat et al. 2014). Thus far viral infection studies which tested 
the effects of nutrient availability only focused on the effect of P-depletion or 
P-starvation. Although these conditions may represent the end of phytoplank-
ton spring blooms (Ly et al. 2014), they do not simulate the natural P-limiting 
growth conditions that can be found in oligotrophic waters. Phytoplankton 
P-limitation is not solely the result of low P-concentration, but is also de-
fined by the supply rate of low concentrations of P (Harris 1986). In P-limited 
open ocean regions, phytoplankton growth completely depends on P-recycling 
(Benitez-Nelson 2000; Benitez-Nelson & Buesseler 1999; Karl & Bjorkman 
2002; Dyhrman et al. 2007). We hypothesize that a low supply of SRP, sim-
ulating P-turnover as by remineralization, stimulates virus production under 
oligotrophic conditions. Under such conditions virally induced phytoplankton 
mortality rates in the natural environment might be less affected by P-limita-
tion than thus far conveyed  (Bratbak et al. 1993; Wilson et al. 1996; Bratbak 
et al. 1998; Clasen & Elser 2007; Maat et al. 2014).
The extent of P-limitation depends on the capability of phytoplankton 
to utilize alternative P-sources, such as short chain polyphosphates (SCPs), 
phosphomonoesters (PMEs) and nucleotides (Cembella et al. 1984b; Casey 
et al. 2009), collectively called soluble non-reactive phosphorus (SNP; Beni-
tez-Nelson 2000). The utilization of SNP requires special enzymes, such as 
extracellular alkaline phosphatases (APs; Cembella et al. 1984b, Dyhrman & 
Palenik 2003). These enzymes hydrolyze organic P-compounds and release the 
orthophosphates which can then be assimilated. In this way phytoplankton 
are able to utilize all sorts of molecules, ranging from nucleotides and phos-
phosugars to large compounds such as phospholipids and phytin (Cembella 
et al. 1984a). The concentration of SNP in the open ocean can be up to five 
times higher than the SRP-fraction (Karl 2002) and thus a significant fraction 
of primary production is thought to be sustained by SNP (Benitez-Nelson & 
Buesseler 1999; Lomas et al. 2010). To date, there is no published data avail-
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8able on the possible utilization of SNP-compounds by virally infected cells and 
the effects on virus proliferation. We hypothesize that SNP-compounds can be 
utilized by the host cell during the viral infection cycle, thereby also enhancing 
viral production.
Here we examined three research questions: i) does a steady supply of 
low concentrations of SRP to virally infected P-limited phytoplankton stimu-
late virus proliferation as compared with no addition, and to what extent is 
this dependent on the degree of P-limitation, ii) how far into the infection cycle 
can SRP-supply be utilized for virus production, and iii) is virus production 
positively affected by a low, but continuous supply of SNP?
Materials and Methods
Culturing
Experiments were performed with the picoeukaryotic photoautroph Micromo-
nas pusilla, pre-cultured axenically in P-limited chemostats at two different 
growth rates, representing different levels of P-limitation. This ubiquitous 
phytoplankton species is found in coastal and oceanic regions worldwide (Not 
et al. 2004; Slapeta et al. 2006), copes well with low P-availability (Maat et 
al. 2014), and is readily infected by lytic viruses (Mayer 1977; Cottrell & Sut-
tle 1991; Baudoux & Brussaard 2008). Prior to culturing, all glassware and 
tubing was rinsed with 0.1 M HCl and ultrapure water before autoclaving. 
Axenic cultures of M. pusilla (Mp-Lac38; culture collection Marine Research 
Center, Goteborg University) were grown in 5 L P-limited chemostats at 15ºC 
(using a Lauda Ecoline StarEdition RE104 water bath, and pumping water 
through water jackets of the borosilicate vessels). The cultures were gently 
stirred by a glass clapper above a magnetic stirrer, moving at 15 RPM. Irradi-
ance at 100 µmol quanta m-2 s-1 was supplied by 18W/965 OSRAM daylight 
spectrum fluorescent tubes (QSL-2100; Biospherical Instruments Inc., San 
Diego, USA) in a light dark cycle of 16:8 h. Phosphate was the limiting nutrient 
(Na2HPO4, 0.25 µM final concentration) in filter-sterilized (0.1 µm Sartopore 
Midicap filter, Sartorius A.G. Germany) f/2 medium (Guillard & Ryther 1962) 
which was based on aged, nutrient-poor ocean water and modified to contain 
40 µM NaNO3 and 0.01 µM Na2SeO3 (Cottrell & Suttle 1991). The concentrati-
on of SRP in the aged sea water was below the detection limit of 0.02 µM. Final 
SRP-concentrations of the medium were always verified using a colorimetric 
assay (see below). The chemostat dilution rate was adjusted to obtain two 
different growth rates, representing different degrees of P-limitation. To allow 
comparison to P-replete growth conditions (exponential growth, µmax=0.72 d
-1), 
separate dilution rates were set to the highest possible while avoiding washout 
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8(i.e. near-maximum growth rate of 0.97 µmax; MacIntyre & Cullen 2005) and to 
0.32 µmax d
-1 to allow testing of a stronger P-limitation. After at least 5 volume 
changes, steady state conditions (constant algal abundance) were maintained 
for another 3 months (demonstrating long term consistency). Algal alkaline 
phosphatase activity (APA) and photosynthetic capacity (Fv/Fm) were stable 
over this period and SRP-concentrations in the culture vessels were always 
below the detection limit (< 0.02 µM). 
Lysate of the lytic dsDNA virus MpV-08T (virus culture collection, Royal 
Netherlands Institute for Sea Research) was depleted in SRP by 3 recurring 
virus infection cycles of axenic algal host, cultured under P-starved culture 
conditions (batch cultures derived from the 0.97 µmax P-limited chemostats, 
deprived of SRP and thus P-starved) prior to the experiments. Relatively high 
volumes of lysate of 10-15% v/v were used because the MpV stock under 
P-starved conditions (quantified by flow cytometry, see below) was relative-
ly low and methods to concentrate the viruses (i.e., ultracentrifugation and 
tangential flow filtration) before addition led to decreased MpV infectivity (in 
a variable manner). The SRP-concentration in the lysates used for the exper-
iments was below the limit of detection (0.02 µM) and considered zero. Sub-
samples of glutaraldehyde-fixed (0.25% final concentration; Sigma-Aldrich, 
St. Louis, USA) algal cultures and viral lysates were regularly checked for 
axenity (containing no contaminating organisms) by epifluorescence micros-
copy (Axioplan, Oberkochen, Germany) using the DNA-stain DAPI (4’,6-di-
amidino-2-phenylindole, dihydrochloride; Life Technologies Ltd. Paisley, UK) 
in combination with 0.2 µm pore-size black polycarbonate filters (Whatman, 
Maidstone, UK) according to Porter & Feig (1980).The cultures and lysates 
were shown to be axenic at all times.
Experimental set-up
The viral infection experiments were performed with cultures that were col-
lected from the P-limited steady-state chemostats. However, dilution of the 
cultures strongly complicates the study of one-step virus growth cycle as the 
virus-host contact rate will immediately change and non-growing infected 
host cells will be washed out. To allow for optimal infection (i.e. one-step in-
fection allowing for one-step virus growth cycle), the dilution of the cultures 
was stopped at the moment of infection and P was thereafter (during the infec-
tion cycle) supplied (spiked) by hand at fixed intervals and with similar overall 
rates as under chemostat culturing. This way we were able to keep the cells in 
a constant state of P-limitation and thus maintain P-limited growth conditions 
for the non-infected cultures. Besides this P-spiked treatment, control cultu-
res were taken from the same chemostats that (i) were deprived of SRP upon 
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8viral infection (P-starved) and (ii) received directly upon infection 4 µM SRP 
(Na2HPO4) final concentration in order to overcome P-limitation (P-enriched). 
Additionally, P-replete control cultures (f/2 with Na2HPO4=36 µM, NaNO3=882 
µM) were grown at 1.0 µmax (0.72 d
-1) for 4 weeks in a semi-continuous fashion 
according to the turbidostat principle (regulated abundance of cells by daily 
dilution), facilitating non-limited cell physiology and constant exponential 
growth (MacIntyre & Cullen 2005). Under these optimal growth conditions, 
we expected the cultures to produce the maximum viral burst size (Maat et 
al. 2014). 
For the viral infection experiments, duplicate subcultures were incu-
bated in Erlenmeyer flasks under light and temperature conditions identical 
to the chemostats and inoculated with 0.2 µm filtered (polyethersulfone mem-
brane filtration, Sartopore Midicap, Sartorius A.G. Goettingen, Germany) ax-
enic MpV-08T lysate at a virus : host cell ratio of 10. Virus infectivity was close 
to 100%, as determined by comparing the most probable number of infec-
tive MpV (MPN endpoint dilution; Suttle 1993) with flow cytometry MpV total 
counts (Fig. 8.S1). The non-infected control cultures received an equal volume 
of 0.1 µm filtered (polyethersulfone membrane filtration, Sartopore Midicap, 
Sartorius A.G. Goettingen, Germany) seawater with an SRP-concentration be-
low the detection limit. Algal and viral abundance samples were generally 
taken every 6 hours or after longer time intervals later in the infection cycle. 
Algal samples were analyzed fresh and virus samples (1 ml) were fixed with 
glutaraldehyde-fixed (EM-grade, 0.5% final concentration; Sigma-Aldrich, St. 
Louis, USA) for 15-30 min, flash frozen in liquid nitrogen and stored at -80°C. 
Monitoring of the non-infected controls continued until the infected cultures 
were almost completely lysed. When lysis seemed to be delayed, sampling of 
the non-infected controls was also extended with at least another time point. 
Addition of SRP to infected, P-limited M. pusilla 
The cultures (derived from the respective chemostats) were spiked with SRP at 
concentrations that allowed similar growth as under 0.97 and 0.32 µmax che-
mostat culturing. The first 12 h post infection (p.i.) spiking took place every 
hour (10.5 and 2.6 amol P cell-1 hour-1, for the 0.97 and 0.32 µmax cultures, res-
pectively), but thereafter (until full lysis of culture) the frequency was reduced 
to every 6 h as the viral latent periods (the time until first release of progeny vi-
ruses) were largely covered. The volume of added SRP-stock ([Na2HPO4]=104.2 
µM) was adapted to the time period in between spiking, and at all times cor-
rected for the change in cell abundance due to growth (non-infected controls) 
or cell lysis (infected cultures). This correction for cell abundance ensured that 
the non-infected controls and the infected cells obtained the same amount of 
SRP per algal cell. For example, the total concentration of spiked P to the 0.97 
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8µmax roughly doubled per day for the non-infected controls, while it reduced for 
the lysing virally infected cultures according to the number of cells remaining. 
The replicate of the 0.32 µmax P-enriched treatment failed for technical reasons.
Finally, to study the possible effects of P-limitation on viral genome 
production as a causal factor for potentially delayed and decreased viral pro-
duction, the intracellular production of viral genomes in the 0.97 µmax cultures 
was monitored by quantifying MpV DNA polymerase gene copies (DNApol). The 
total MpV DNApol abundance per lysed host cell was calculated by dividing 
the increase in concentration of MpV DNApol copy number by the maximum 
decline in host cells over the entire one-step infection cycle (lysed host cells).
Delayed addition of SRP to infected, P-limited M. pusilla 
To test how far into the virus growth cycle the supplied SRP can still be utili-
zed by the host for virus production, the 0.97 µmax cultures received SRP-ad-
ditions at similar concentrations as for Experiment 1, but the administration 
was delayed for 1, 6, 12, 18, 24, 36 or 48 h p.i. To ensure that the potential 
effects on virus growth characteristics originated from the timing of spiking 
rather than the amount of P, the total amount of SRP at the first spiking event 
was increased with the period of delay and corrected for the remaining volume 
and M. pusilla abundance (thus equaling cellular P-quota). Neither the infec-
ted nor the non-infected controls were negatively affected in their growth rate 
or Fv/Fm by this relatively large input of SRP (Fig. 8.S2). 
Addition of SNP to infected, P-limited M. pusilla 
To determine whether SNP-availability affects viral proliferation in infected M. 
pusilla in a similar manner as SRP, the 0.97 µmax cultures were spiked with 
different SNP-compounds at the same frequency and final P-concentration 
as for Experiment 1. The compounds used were disodium-glycerolphosphate 
hydrate (GP; Sigma-Aldrich, G6501), disodium adenosine 5’-monophosphate 
(AMP; Sigma-Aldrich, 01930) and pentasodium tripolyphosphate hexahydrate 
(PP; Sigma-Aldrich, T5633). 
As viral lysate is an important source of SNP (Gobler et al. 1997; Haaber 
& Middelboe 2009), we tested whether the addition of the P-starved lysate that 
we added to the viral infection experiments was responsible for part of the 
virus production in our experiments. For this, 15% v/v virus-free MpV lysate 
(0.02 µm pore-size Whatman Anodisc 25, UK) was added to P-limited 0.97 µmax 
cultures at T0. Note that all treatments received the same amount of lysate 
at the start of the experiment, which enables comparison across the different 
treatments.
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8Enumeration of algae, viruses and viral genomes
Algal abundances were analyzed on fresh samples by flow cytometry (Marie 
et al. 1999) using a BD Accuritm C6 cytometer (BD Biosciences, San Jose, 
Ca, USA), triggered on chlorophyll a red autofluorescence. Viral abundance 
samples were samples were thawed, diluted with TE buffer and stained with 
SYBRGreen I (final concentration of 0.5 x 10-4 of the commercial stock; Life 
Technologies Ltd., Paisley, UK) according to Brussaard (2004). Following a 
10 minute 80°C heat incubation, the samples were analyzed using a bencht-
op BD FacsCalibur (BD Biosciences, San Jose, USA) with the trigger set on 
green fluorescence. All flow cytometry data were analyzed using CYTOWIN 
4.31 (Vaulot 1989). Viral burst size was determined by dividing the number of 
newly produced viruses (released by the host cells) by the maximum decline 
in host cells, i.e. number of lysed host cells.
Quantitative PCR was based on Brown et al. (2007), but included a heat 
treatment according to Short & Short (2008), new primers specific for strain 
MpV-08T, and the use of a calibration curve to allow absolute quantification 
of the number of DNApol copies µl-1. Total MpV genome abundance, i.e. the 
sum of intra- and extracellular viral genomes in the sample, was determined 
on 1 ml samples that were stored at -20˚C in 2 ml cryovials (Greiner bio-one 
GmbH, Frickenhausen, Germany). One day before analysis the samples were 
thawed, diluted 1:5 in freshly prepared deionized water (18.2 MΩ), sonicated 
(MSE Soniprep 150, UK) for 3 × 10 s at amplitude 8, followed by a 5-minute 
heat treatment at 80˚C and storage at -80˚C. This treatment was sufficient to 
break down all cells and viruses, as ascertained by flow cytometry (no cells 
or viruses could be detected anymore by the protocols described above). The 
new forward (MpV08T_qF1: 5’-ATGGAAATATCGAAGGTATTA-3’) and reverse 
(MpV08T_qR1: 5’-ACCATATATCGAGTTCATTG-3’) primers targeted the viral 
DNA polymerase gene and produce a product of 220 bp. PCR reactions of 20 
µl, contained 1 µl template, 1u Picomax polymerase, 1x Picomax buffer (in-
cluding 1.5 mM MgCl2), 200 µM dNTP’s, 0.2 µM of each primer, 1 mg/ml BSA 
and 0.2 × SYBRgreen. After each run, a melting curve was constructed from 
a 5 s scan during stepwise increments of temperature from 72 to 95˚C. All 
experimental samples were run along a calibration curve (constructed in du-
plicates from 7 samples increasing from 10 copies to 10 million copies of the 
target) made from purified MpV product of newly designed strain-specific for-
ward (MpV08T_Fa; 5’-AAGGGIGCITATTACACACC-3’) and reverse (MpV08T_
Rt: 5’-GGCTTITTGAAIAGTGCACT-3’) primers, amplifying a fragment from 5 
bases downstream of AVS1 to 46 bases upstream of AVS2 (AVS primers by 
Chen & Suttle 1995) producing a 589 bp product that includes the target of 
the qPCR primers. The calibration curve was spiked with 10 million copies 
non target SPUD-A DNA (Nolan et al. 2006; 5’-AACTTGGCTTTAATGGACCTC-
CAATTTTGAGTGTGCACAAGCTATGGAA
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8CACCACGTAAGACATAAAACGGCCACATATGGTGCCATGTAAGGAT-
GAATGT-3’). The efficiency of the qPCR reactions of experimental and cali-
bration samples with primer pair MpV08T_qF1 -_qR1 was 96.1% (R2 = 0.994). 
Inorganic P-concentrations, algal physiology and statistics
Concentrations of SRP were determined colorimetrically as described by Han-
sen & Koroleff (1999). Samples were filtered (0.2 µm, FP 30/0.2 CA-S What-
man, Dasser, Germany) into clean screw cap vials and stored at -20°C until 
analysis. The lower limit of detection was 0.02 µM. All chemostat cultures in 
steady-state gave undetectable concentrations, demonstrating that all added 
P (in the medium) was directly taken up by the cells (this is standard practice 
for axenic phytoplankton cultures; e.g. Veldhuis & Admiraal 1987). The SRP-
concentrations were measured at the beginning and end of all infection expe-
riments and were all shown to be below the limit of detection, with of course 
the exception for the P-replete and P-enriched treatments.  
As an indicator of P-limitation within the steady state algal cultures 
(Healey & Hendzel 1979; Beardall et al. 2001), alkaline phosphatase activity 
(APA) was determined fluorometrically according to Perry (1972). To a glass 
cuvette containing 2 ml of culture, 250 µl of 3-O-methylfluorescein phosphate 
(MFP; Sigma-Aldrich, M2629) was added to a final concentration of 595 µM. 
Emission at 510 nm was measured on a Hitachi F2500 Fluorescence spec-
trophotometer (Hitachi Instruments, San Jose, CA, USA) for 60 s with an 
excitation wavelength of 430 nm. The rate of MFP conversion was determined 
from a standard curve of 3-O-methylfluorescein (Sigma-Aldrich, M7004). As 
expected, APA increased with the extent of P-limitation, showing zero for the 
P-replete semi-continuous cultures and 9.5±0.9 and 31±0.1 amol P cell-1 s-1 for 
the 0.97 and 0.32 µmax P-limited cultures, respectively. 
Photosynthetic capacity Fv/ Fm was determined by PAM fluorometry 
(Water-PAM, Walz, Germany). Samples (2 ml) were dark-adapted at culture 
temperature (15°C) for 15 minutes before analysis. All measurements were 
carried out with the same Water-PAM settings, whereby 0.2 µm filtered sea 
water was used as a blank. After determining the minimal (F0) and maximal 
fluorescence (Fm), the variable fluorescence (Fv) was calculated as Fm-F0 (see 
Maxwell & Johnson 2000).
Statistics were carried out using SigmaplotTM 12.0 (Systat software Inc, 
Chicago, Il, USA). One-way ANOVAs were used for testing the differences be-
tween the treatments, but when the assumptions were not met non-paramet-
ric (Kruskall-Wallis or Mann-Whitney) tests were used. Values in tables and 
figures are average ± standard deviation (s.d.).
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8Results
Addition of SRP to infected, P-limited M. pusilla
While growth in the P-starved cultures ceased, SRP-addition allowed conti-
nued growth of the non-infected M. pusilla cultures (Fig. 8.1). The extent of 
P-limitation determined the growth rates, i.e., the 0.32 and 0.97 µmax P-spi-
ked cultures maintained growth at 0.30±0.0 and 0.68±0.0 d-1, while this was 
0.76±0.0 and 0.53±0.1 d-1 after receiving a surplus of 4 µM (SRP-enriched). 
The level of limitation (0.97 and 0.32 µmax; starved, spiked or enriched) did not 
Figure 8.1 Temporal dynamics of Micromonas pusilla and viruses upon SRP addition to in-
fected cells. Abundances of non-infected (A) and virally infected (B) Micromonas pusilla cul-
tures, as well as the virus MpV (C) over time under different levels of P-limitation. The viral 
infection experiments were carried out in Erlenmeyer flasks with cultures derived from P-lim-
ited chemostats at 0.97 and 0.32µmax. Spiked cultures received SRP at an hourly rate until 
12h post infection to maintain chemostat P-supply (thereafter at a 6h rate until all cells lysed). 
P-starved control cultures did no longer receive P-supply. Enriched cultures were spiked with 
4 µM SRP to overcome the P-limitation. P-replete cultures were taken along as positive control 
(non-limited cell physiology). Sampling times were 0, 3, 6, 12, 18, 24, 32, 36, 48 and 72 h 
post infection). All treatments, except the 032µmax enriched are averages of duplicate cultures 
(± standard deviation). 
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8seem to affect the lysis dynamics of the infected cultures (Fig. 8.1B). All P-
controlled cultures showed slightly slower lysis at the end of the first day post 
infection (18-24h) compared to the P-replete treatments (Fig. 8.1B). 
The period to the release of the first progeny viruses (i.e. latent period 
of MpV) in the 0.97 µmax P-spiked algal host cultures was of similar length 
as in the P-enriched and P-replete cultures, i.e. 6-12 h (Fig. 8.1C). The MpV 
latent periods in all 0.32 µmax cultures were prolonged to 12-18 h. Indepen-
dent of the effect on the latent period, the rates of increase in extracellular 
progeny viruses varied for the different treatments, i.e. rates reduced with in-
creasing P-stress (from 1.7×107 to 0.8-1.1×107 MpV ml-1 h-1 under replete and 
enriched conditions, and from 0.4-0.8×107  to 0.2×107  MpV ml-1 h-1 for the 
Table 8.1 Viral burst size, i.e. the number of newly produced Micromonas pusilla viruses (MpV) 
or viral genomes (DNApol) per lysed host cell under the different P-treatments. Experiment 1 
demonstrates the effect of spiking the infected cultures with soluble reactive phosphorus (SRP) 
at a rate similar to their chemostat growth rate (0.97 and 0.32 µmax) or a surplus of P (enrich-
ment). Experiment 2 demonstrates the influence of delayed SRP-spiking (from 1 to 48 h post 
infection) of the 0.97 µmax cultures. Experiment 3 demonstrates the effect of spiking with soluble 
non-phosphorus (SNP) compounds: Adenosine monophosphate (AMP), Glycerophosphate (GP) 
and Polyphosphate (PP) and filtered (virus-free) lysate. Average (n=2) ± standard deviations (s.d.).
Treatment MpV (host cell-1) MpV-DNApol (host cell-1)
Experiment 1 (SRP-spiked)
1.0 µmax P-replete 330 ±16 2221 ±174
0.97µmax P-enriched 256 ±4
0.32µmax P-enriched 186
1
0.97µmax P-spiked 160 ±8   341 ±26
0.32µmax P-spiked 141 ±4
0.97µmax P-starved   74 ±1   210 ±34
0.32µmax P-starved   76 ±11
 
Experiment 2 (delayed SRP-spike)
0.97µmax + 1h 154 ±17
0.97µmax + 6h 150 ±18
0.97µmax + 12h 156 ±8
0.97µmax + 18h 153 ±6
0.97µmax + 24h 110 ±32     
0.97µmax + 30h   90 ±6       
0.97µmax + 36h   86 ±1       
0.97µmax + 48h   78 ±2       
0.97µmax P-starved   77 ±1
Experiment 3 (SNP-spiked)
0.97µmax + SRP 171 ±3
0.97µmax + AMP 165 ±20
0.97µmax + GP 162 ±2
0.97µmax + PP 177 ±1
0.97µmax + lysate   94 ±3
0.97µmax P-starved   75 ±2
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8spiked compared to the P-starved treatment) MpV burst sizes of the P-starved 
0.32µmax cultures were not statistically different from the 0.97 µmax treatment 
(average of 75±1; Kruskall Wallis ANOVA on ranks, p=0.667, n=2; Table 8.1). 
Independent (pilot) experiments with the same set-up and virus-host model 
systems (0.97 and 0.32 µmax SRP-starved cultures, n=15 in total) gave similar 
results, i.e. average 74 ±3 MpV per lysed host cell (data not shown). Likewise, 
the semi-continuously grown P-replete cultures showed good replication with 
an average MpV burst size of 310 ±26 when including the results of other 
independent experiments (n=12 over a period of 2 years). Furthermore, the 
0.97 µmax P-starved treatment in all three experiments in the current study did 
not show significant differences in MpV latent period or burst size (average of 
75±2; Kruskall Wallis ANOVA on ranks, p=0.333, total n=6; Table 8.1), illus-
trating that reproduction for our experiments was good. Independent of the 
degree of P-limitation (0.97 vs 0.32 µmax), spiking of the infected cultures with 
SRP led to significantly increased MpV burst sizes compared to the P-starved 
cultures (on average a doubling; ANOVA, p=0.003; Table 8.1). However, the 
burst sizes of the SRP-spiked cultures were still lower than for the P-enriched 
and P-replete treatments ANOVA, p=0.015; Table 8.1). The enriched cultures 
still showed lower burst sizes than the replete treatment (i.e., 44 and 22% 
lower for the 0.32 and 0.97 µmax culture, respectively; Table 8.1). 
Figure 8.2 Viral genome production represented by total MpV DNApol abundance over time 
(SRP-addition). Spiked cultures received SRP at a 1-6 hourly rate to maintain chemostat P-
supply. Grey bars represent dark (night) period. Sampling times were 0, 6, 12, 18, 24, 32, 
36, 48 and 72 h post infection). All treatments are averages of duplicate cultures (± standard 
deviation). 
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8Similarly to the MpV burst sizes in the 0.97 µmax spiked and starved 
treatments, the MpV DNApol copy number was also strongly affected by the 
strength of P-limitation (Fig. 8.2), i.e., respectively 7- and 11-fold lower than 
P-replete. Although the temporal dynamics of MpV DNApol copy number and 
viruses over the infection cycle were the same, the total number of viral DNApol 
per cell was 3, 2 and 7-fold higher than the viral burst sizes of the 0.97 µmax 
P-starved, P-spiked and P-replete treatment, respectively (Table 8.1). Hence, 
under P-replete conditions the ratio of viral genomes to viruses was higher 
than under P-spiked and P-starved conditions.
Figure 8.3 Temporal dynamics of Micromonas pusilla and viruses in Experiment 2. Abun-
dances of non-infected (a) and virally infected (b) Micromonas pusilla cultures, as well as the 
virus MpV (c) under delayed SRP-addition. The viral infection experiments were carried out 
in Erlenmeyer flasks with cultures derived from P-limited chemostats (0.97 µmax). SRP was 
supplied similar to Experiment 1 but with a 6, 12, 18, 24, 30, 36 or 48h delay (for proper 
comparison the concentration SRP added was corrected for the delay). As controls P-limited 
cultures received either SRP-addition alike Experiment 1 (starting 1h p.i.) or not receiving 
SRP-addition (P-starved). Sampling times were on 0, 6, 12, 18, 24, 32, 36, 48, 54 and 72 h 
post infection). All treatments are averages of duplicate cultures (± standard deviation).
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8Delayed addition of SRP to infected, P-limited M. pusilla
Delaying the addition (spiking) of SRP led to a lag in growth of the non-infected 
control cultures, (i.e., 0.22±0.0 d-1 until being spiked, compared to 0.61±0.1 
d-1 for the continuously spiked culture), but growth quickly recovered upon 
spiking. The temporal dynamics of the infected cultures were not affected in 
comparison to the regularly spiked cultures (Fig. 8.3). Delayed SRP-addition 
up to 18 h p.i. still gave comparable MpV production and burst sizes compa-
red to continuous spiking from 0 h p.i. (Fig. 8.1 and 3, Table 8.1). Starting the 
additions of SRP after 24 h p.i., gave similar results as for the P-starved cul-
tures (Mann-Whitney Rank sum test, p<0.001, n≥8; Figure 8.3C, Table 8.1). 
The 16:8h light-dark synchronized growth of M. pusilla may theoretically have 
influenced the results of the delayed spiking experiment. However, at the mo-
ment of the 18h p.i. SRP-addition the cultures were already in the dark for 5 h 
while still showing similar virus growth kinetics as the 0-12h p.i. SRP-supply 
treatments. Furthermore, the 24 h p.i. treatment started in the light and still 
showed lower MpV yield. Light-dark cycle did thus not affect the outcome.
Addition of SNP to infected, P-limited M. pusilla
Supplying the 0.97 µmax P-limited non-infected control cultures with the SNP-
compounds GP, AMP and PP resulted in maximum growth rates, similar as 
with SRP (0.72±0.1 d-1; average over 48h experiment). Independent of SNP-
source, all infected algal cultures showed comparable lysis dynamics and MpV 
latent periods similar to SRP-spiked treatment (Fig. 8.4B and C; Table 8.1). All 
SNP-compounds stimulated MpV production (as compared with SRP-starved), 
PP even to the same degree as found for the SRP-spiked treatment (Fig. 8.4C). 
Although it took longer (about 24 h), the maximal yield of MpV under GP and 
AMP spiking was not significantly different from the PP and SRP-treatments 
(Fig. 8.4C). Consequently, MpV burst sizes for the PP, GP, and AMP spiked 
treatments were not different from SRP-spiked (Table 8.1). The addition of vi-
rus-free lysate, to test whether lysate itself was a significant source of rapidly 
bioavailable SRP and subsequently MpV production in all infected cultures, 
led to a burst size slightly higher than the P-starved cultures (Fig. 8.4D; Table 
8.1). This result was tested once more in a separate experiment (n=2) with 
similar results. Overall, average burst size increase was 16±5 MpV per host 
cell (t-test, n=4, p=0.003). This increase was clearly lower than the increase 
in MpV burst size obtained for the other SRP-treatments, as the added total 
amount of P in the lysate was also lower than that for the other treatments.
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Discussion 
In this study we tested the effects of low supply rates of SRP (simulating na-
tural remineralization conditions) and SNP (simulating e.g. release of cell con-
tent by viral lysis) on the virus growth cycle of P-limited M. pusilla. Spiking 
with SRP during the infection cycle distinctly increased the viral burst sizes 
(no effect on latent period) around 2-fold as compared with the P-starved tre-
atment. Since the algal host cells were still P-limited, the burst sizes were not 
as high as those under P-replete or P-enrichment conditions (this study; Maat 
et al. 2014). Additionally, the strength of P-limitation, obtained by adapting 
the algal host in P-limited chemostats to different growth rates prior to infec-
Figure 8.4 Temporal dynamics of Micromonas pusilla and viruses in Experiment 3. Abun-
dances of non-infected (a) and virally infected (b) Micromonas pusilla cultures, as well as 
the virus MpV (c) under SNP-supply. The viral infection experiments were carried out in 
Erlenmeyer flasks with cultures derived from P-limited chemostats (0.97 µmax). The used SNP-
compounds glycerophosphate (GP; closed triangle), adenosine monophosphate (AMP; open 
circle) and polyphosphate (PP; open triangle) were compared with an SRP-spiked and starved 
control (closed circle and square, respectively) whereby the supply rates were similar as in 
Experiment 1. One-time supply (at T0) of 15% v/v virus-free and P-starved MpV lysate (d) was 
added as additional control treatment to test the potential stimulating effect on MpV produc-
tion by SNP-compounds in the lysate (note here the different scale of the Y-axis). Sampling 
times were 0, 6, 12, 18, 24, 32, 36, 48, 60 and 72 h post infection). All treatments are averages 
of duplicate cultures (± standard deviation). 
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8tion (i.e. 0.97 and low 0.32 µmax), affected the burst size upon SRP-spiking, 
with the strongest increase for the 0.97µmax cultures. 
Viruses are strictly dependent on their host for the substrate, enzymes 
and energy that are involved in virus replication, and hence the physiologi-
cal state of the host can be expected to drive the outcome of infection. This 
was best illustrated by P-enrichment (addition of 4 µM SRP to P-limited cul-
tures), whereby SRP was no longer limiting per se and the difference in burst 
size between the 0.97 and 0.32 µmax pre-cultured M. pusilla was solely due to 
a constraint on the host’s physiology prior to infection. Potential damage of 
photosynthetic machinery and/or additional components of the energy me-
tabolism under P-limitation could be such constraint (Theodorou et al. 1991; 
Graziano et al. 1996). Previous studies have shown the dependence of viral 
replication on photophosphorylation for several phytoplankton species (Padan 
et al. 1970; Waters & Chan 1982; Vanetten et al. 1983; Juneau et al. 2003; 
Baudoux & Brussaard 2008). The strength of P-limitation at steady state (pri-
or to MpV infection) affected the Fv/Fm of M. pusilla negatively, i.e. 0.49 for 
0.32 µmax cultures as compared with 0.61 for 0.97µmax and 0.66 for P-replete 
cultures (Maat et al. 2014). Upon infection with MpV, SRP-spiking, at least 
partly, counteracted the strong decline in Fv/Fm observed under P-starved 
conditions (Supporting information Fig. 8.S3A). Spiking with P could thus 
stimulate host energy metabolism and hence viral proliferation. These data 
furthermore affirm the interplay of viral infection and environmental factors 
such as light and nutrient limitation on the photosynthetic capacity of phyto-
plankton (Fig 8.S3B; Kimmance et al. 2014).
However, the supplied P could also be (partly) allocated to the actual 
production of the viruses inside the host cell, e.g. synthesized into nucleic 
acids. Viruses have been found to recycle host nucleotides and it has been ar-
gued that the relative size of a phytoplankton genome is a good predictor of the 
viral burst size (Paul et al., 2002; Brown et al., 2006; Brown & Bidle, 2014). 
Assuming non-limiting growth conditions of the host, a MpV genome of 208 kb 
(Martínez Martínez et al. 2015) and M. pusilla host genome of 22 Mbp (Worden 
et al. 2009), the predicted maximum viral burst size for our virus-host system 
would then be 106 MpV lysed host cell-1, which is around 3-fold lower than 
experimentally recorded under P-spiked, enriched and replete conditions (this 
study; 141 - 330 MpV lysed host cell-1). Thus at least part of the viral nucleo-
tides has to have been the product of de novo synthesis. 
Furthermore, there was a strong, 10-fold, overproduction of MpV 
DNApol per cell (as compared with MpV burst size) under P-replete condi-
tions. Such overproduction of MpV genomes in comparison to released MpV 
progeny has been suggested to be a way to increase the speed of viral genome 
packaging in the dense host cytoplasm (Brown et al. 2007; Weidmann et al. 
2011). Alternatively, Nissimov et al. (2015) argued that overproduction of ge-
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8nome copy numbers for Emiliania huxleyi viruses was due to a limitation in 
the availability of components of the protein capsid or lipid membrane. As the 
capsid of MpV-08T is also surrounded by a lipid membrane (Maat et al. 2016), 
either capsid proteins or lipids may potentially have been limiting MpV-08T 
production. Under P-limiting and P-starved conditions, both the viral burst 
sizes and the genome copy number per cell were lower than under P-replete 
conditions. It is likely that the availability of P affects the transcription of viral 
genomes directly, either because of its function in compounds that supply en-
ergy to the necessary enzymatic activity (Theodorou et al. 1991) or as element 
in viral nucleotides (besides potential recycling from the host; Wikner et al. 
1993, Brown & Bidle 2014). Remarkably, the overproduction of MpV DNApol 
per cell compared with MpV burst size was only 2- and 3-fold under P-starved 
and P-limiting conditions, respectively. The packaging efficiencies (defined as 
the number of viruses divided by the number of virus genome copies) under 
P-starved and P-limiting conditions were thus higher than under P-replete 
conditions (47, 35 and 15%, respectively). 
Delayed SRP-spiking of the 0.97 µmax cultures up to 18 h p.i. gave sim-
ilar viral burst sizes as spiking from the start of infection. M. pusilla was thus 
able to utilize the supplied SRP for additional MpV progeny far into the lytic 
cycle. Zheng & Chisholm (2012) showed that P-addition to P-depleted and in-
fected Prochlorococcus sp. led to a decrease in the transcription of a virally en-
coded gene that is likely involved in the uptake of P. Effects on the viral burst 
size were however not investigated in their study. Phytoplankton P-uptake 
during the virus infection cycle has been the subject of discussion in several 
theoretical studies, as it strongly affects the modelling results of the impact 
of viruses in natural nutrient limited systems (Rhodes & Martin 2010; Jover 
et al. 2014). Overall, our results demonstrate that it is key for future research 
to consider SRP-supply rate, i.e. P-turnover rate under natural conditions, as 
a significant driver of virus proliferation and hence the way by which viruses 
structure host communities. Viral lysis rates of different phytoplankton spe-
cies (including M. pusilla) under natural oligotrophic conditions are found to 
be at least comparable to grazing rates (Cottrell & Suttle 1995; Baudoux et al. 
2007; Mojica et al. 2014). Besides, Lønborg et al. (2013) showed that a high 
percentage of the dissolved cellular material released upon viral cell lysis of 
axenic M. pusilla is readily bioavailable. Such a steady supply of labile organic 
matter stimulates bacterial production and through remineralization SRP is 
constantly brought back into the system (Gobler et al. 1997; Brussaard et al. 
2005; Haaber & Middelboe 2009). Our data illustrate that under P-limitation 
a low supply of SRP during the infection cycle positively affects the production 
of MpV. Therefore the impact of viruses on phytoplankton mortality in oligo-
trophic ecosystems may be higher than previously anticipated (Wilson et al. 
1996; Bratbak et al. 1998; Clasen & Elser 2007; Maat et al. 2014).
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8Not only SRP, but also SNP-compounds were found to be efficiently uti-
lized by axenic M. pusilla. Growth and viral production dynamics of the non-in-
fected and infected SNP-spiked cultures were similar as under SRP-supply. 
The ecological potential is substantial since SNP in the oligotrophic open ocean 
can be up to 5 times higher than SRP (Karl 2002). The more readily available 
SNP-compounds such as PP and SCPs may accordingly not only be important 
stimulants of phytoplankton physiology and growth (Cembella 1984a), but 
also of virus proliferation within infected algal host. The conversion of SNPs to 
SRP is likely to be catalyzed by APs and other enzymes (Chróst & Siuda 2002, 
Dyhrman & Palenik 2003). We show that M. pusilla APA in P-limited chemo-
stats increases with decreasing growth rate. This increase continues when the 
chemostat pumps are stopped (P-deprivation leading to starvation), also in vi-
rally infected cultures (Maat et al. 2016; Fig. 8.S4). Additionally, by testing the 
effect of lysate as source of SRP, we found that even relatively small amounts 
of lysate (of more complex composition) can directly stimulate growth of axenic 
non-infected M. pusilla as well as viral production in infected cultures. Litera-
ture suggests that around 38-49% of total P in the viral lysates is transferred 
back into the dissolved phase, whereby enzymatic activity from heterotrophic 
bacteria is suggested to be responsible for the conversion of total P to SRP 
(Gobler et al. 1997; Haaber & Middelboe 2009; Lønborg & Álvarez‐Salgado 
2012). We speculate that algal APs in our axenic algal cultures, potentially 
in combination with activity of other enzymes (e.g. nucleases), associated to 
lysed M. pusilla cells could have performed the same process (Chróst & Siuda 
2002, Dyhrman & Palenik 2003). We were able to still detect APA in 1-week 
old (axenic) P-starved cultures of M. pusilla (data not shown). This was prob-
ably due to APs bound to M. pusilla cell debris (lysed cells). Although some 
phytoplankton species excrete free APs to the environment (Chróst & Siuda 
2002), we did not find APA in 0.2 µm filtered (lysed and non-lysed) M. pusilla 
cultures. Viral lysis-induced release of host cellular content seems an ecolog-
ically interesting source of bioavailable SNP that can be directly utilized and 
as such has the potential to stimulate MpV production of newly infected (but 
not yet lysed) neighboring cells. The reduction of P-limitation induced by viral 
lysis and the subsequent stimulation of viral production implies a positive 
feedback process that maintains regeneration in P-limited oligotrophic eco-
systems. We do however, realize that we used axenic phytoplankton cultures 
in our study, while in the natural environment heterotrophic bacteria may 
compete for the same sources of SNP (and even SRP that is made available by 
phytoplankton extracellular APA). Løvdal and coworkers (2008) showed that 
biomass-specific uptake of SRP and SNP was similar for phytoplankton and 
heterotrophic bacteria during an Emiliania huxleyi bloom in the coastal North 
Sea, which suggests that products of viral lysis are indeed available for phy-
toplankton and subsequently algal virus proliferation. In contrast, Hartmann 
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8et al. (2011) showed lower biomass specific uptake for small protists than for 
bacteria in the North Atlantic subtropical gyre, suggesting that the outcome of 
competition may depend on the (trophic) state of the marine system. Howev-
er, the experimental incubations in their study were carried out in the dark, 
which could also have led to an underestimation of phytoplankton P-uptake 
(Nalewajko & Lee 1983). We recommend forthcoming studies to test the influ-
ence of potentially competing heterotrophic bacteria. Alternatively to uptake 
of dissolved P, photosynthetic protists can display considerable bacterivory in 
the oligotrophic Atlantic Ocean (Hartmann et al. 2011, 2012). Also M. pusilla 
strains have been shown to be bacterivores, particularly under low P-con-
ditions (Gonzalez et al. 1993; McKie-Krisberg & Sanders 2014) and as such 
potentially providing an additional source of P (next to SRP and SNP) that 
may be utilized to promote MpV production upon infection. Studies describing 
the effects of P-availability on phytoplankton proliferation thus far, merely fo-
cused on the effects of SRP-depletion (low ambient SRP-concentrations at the 
moment of infection). We show here that besides low and relatively constant 
provision of P, also the source of P appears of ecological relevance for algal 
virus ecology. It will be interesting to test different algal species (including 
larger-sized and theoretically more vulnerable to nutrient limitation) for their 
potential to utilize P (SRP- and SNP-sources) during viral infection.
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8Supporting information
Figure 8.S1 Virus abundances determined by flow cytometry (FCM) and most probable num-
ber (MPN) dilution assay to determine the percentage of infective viruses (MPN/ FCM). Virus 
infectivity in the lysates was considered ‘close to 100%’ (error bars show 95% confidence 
intervals).
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8 Figure 8.S2 The effects of a single SRP-addition (to 0.97µmax culture) of 300 µmol per cell at 
T24 versus frequent SRP-additions of 38 µmol per cell per hour every 6 h on (A) the growth of 
the cells and (B) the Fv/Fm over 48 h. Note that the total P-additions over 48 h are less than 
what the 0.97 µmax culture would receive to sustain growth at chemostat growth rate (which 
would be 504 µmol per cell).
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8Figure 8.S3A Photosynthetic efficiency (Fv/Fm) of the SRP-spiked (triangles) and SRP-
starved (circles) 0.97µmax M. pusilla cultures during the infection experiment for the infected 
(closed symbols) and non-infected (open symbols) cultures. r.u. stands for relative units.
Figure 8.S3B Fv/Fm relative to the non-infected 0.97µmax SRP-spiked culture to distinguish 
between viral infection and P-starvation on host Fv/Fm. Hence showing the effects on Fv/
Fm of viral lysis (0.97µmax spiked, infected), P-starvation (0.97µmax P-starved) and infection 
+ P-starvation (0.97µmax starved, infected). At T24 the reduction in Fv/Fm by the respective 
treatments were 11, 18 and 33%. r.u. stands for relative units.
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8Figure 8.S4 Alkaline phosphatase activity (APA) during an infection experiment of the 0.32 
(circles) and 0.97µmax M. pusilla cultures. APA in the non-infected (open symbols) as well as in 
the infected (closed symbols) start increasing when the dilution of the cultures is stopped (T0).
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Chapter 9
Thesis Synthesis
9The aim of this thesis was to obtain a better understanding on how the abiot-
ic environment affects marine phytoplankton host-virus interactions, a topic 
that is thus far underrepresented in literature. The centrally studied environ-
mental variable in the thesis is phosphorus (P)-limitation, a strong determi-
nant of phytoplankton growth and production in the natural marine environ-
ment (Ruttenberg 2003). To date, studies merely used phytoplankton hosts 
that were not physiologically acclimated to P-limitation. One of the important 
findings is that not only the concentration of this macronutrient, but also the 
supply rate (before and during viral infection) influences viral proliferation in 
phytoplankton. By using P-controlled chemostats and semi-continuous cul-
tures to bring the host cells in a balanced nutrient limited state before infec-
tion (preconditioning), I show that it matters to what extent the phytoplankton 
host is P-limited before being virally infected. As Fig. 9.1A clearly shows, MpV 
latent periods from the chemostat Micromonas pusilla host cultures that have 
been growing at 32% of the maximum growth rate before being infected, are 
longer than the ones from the cultures that have been growing close to their 
maximum growth rate, even though the conditions during the viral infection 
experiments were the same (Chapter 2 and 8). This demonstrates that the 
physiological condition of the cells, to which all cells were conditioned, strong-
ly drives virus growth parameters (Chapter 2, 3 and 8). In comparison with 
experiments with P-depleted hosts, this type of culturing better mimics nat-
ural P-limiting conditions as found in large parts of the ocean, whereby phy-
toplankton cells are adapted to low supply of remineralized P (Harris, 1986; 
Benitez-Nelson 2000). Hence, in systems with low P-availability, the turnover 
of P, e.g. via bacterial remineralization, can drive viral infection and therewith 
the influence of viruses on phytoplankton mortality. This became especially 
clear in Chapter 8, where the low P supply  was maintained during the infec-
tion cycle, resulting in doubled burst sizes (Fig. 9.1B). Delayed uptake of the 
supplied P still effectively stimulated viral burst sizes far into the infection 
cycle, i.e. until 18 h post infection. Moreover, even small chain polyphos-
phates and organic forms of P could be utilized to increase the virus produc-
tion (Chapter 8). Furthermore, lysing cells can directly contribute to increased 
burst sizes in neighboring newly infected cells as with virus-free lysate, con-
sisting of a complex composition of organic molecules which stimulated the 
algal virus burst size. Heterotrophic bacteria compete with phytoplankton for 
the limiting P, but studies show that phytoplankton can still utilize a signifi-
cant share of the nutrients under such circumstances (Ietswaart et al. 1994, 
Løvdal et al. 2008). However, literature on this topic is scarce and more re-
search, preferably with natural communities, is needed. 
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9Figure 9.1 Viral latent periods (A) and burst sizes (B) of Micromonas pusilla virus (MpV) and 
Phaeocystis globosa virus (PgV) corresponding to the environmental conditions investigated 
in this thesis. The viral infection experiments were carried out in batch, whereas the precul-
turing phase was either in chemostats (M. pusilla series 1; semi-continuous turbidostats for 
P-replete; all the same 5L vessels; chapters 2 and 7) or semi-continuous cultures (M. pusilla 
series 2, P. globosa; turbidostats for P-replete; all the same 100 ml Erlenmeyer flasks; chapter 
6 and 7). All cultures were grown under present day pCO2 and medium light, and did not re-
ceive nutrients during the infection cycle, unless stated otherwise. Different colors represent 
the type and strength of nutrient limitation during the preculturing phase. The dashed bars 
indicate that the progeny viruses largely lost their infectivity. 
Future pCO2: 750 µatm in supplied air; SRP enriched: 4µM final concentration PO4
3-; SRP spiked: 
PO4
3- addition allowing growth as under chemostat conditions; SNP spiked: as SRP spiked but 
with adenosinemonophosphate, polyphosphate and glycerophosphate (bar shows average of 
three treatments); medium light: 100 µmol quanta m-2 s-1; high light: 250 µmol quanta m-2 s-1; low 
light: 25 µmol quanta m-2 s-1.
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9Similarly to P, nitrogen (N)-limitation also negatively affected viral pro-
liferation in M. pusilla and Phaeocystis globosa (Chapter 7) with elongated 
latent periods and reduced burst sizes (Fig. 9.1). These results challenge the 
general expectation that N is a less essential resource for virus proliferation 
than P (Bratbak et al. 1993, Jacquet et al. 2002). This hypothesis was devel-
oped after mesocosm experiments showed no effect on Emiliania huxleyi virus 
production under N-depletion. It was then suggested that N is of less impor-
tance to viruses than P, because viruses have a lower N:P ratio than their 
phytoplankton host. Based on the nutrient stoichiometry of the host and the 
virus, the virus would thus deplete the host in P relatively to carbon (C) and 
N (Jover et al. 2014) and therefore experience P-limitation before N-limitation. 
However, estimations of N:P ratios of marine microbial viruses are between 3:1 
and 5:1 ( Clasen & Elser 2007, Jover et al. 2014). This is not far off from the 
N:P ratio in many phytoplankton (host) species (Finkel et al. 2010), including 
that of N-limited E. huxleyi on which previous assumptions were based (i.e. 
N:P ratio of 5:1; Müller et al. 2012). Possibly, in the mesocosm experiments 
that showed no effects of N-depletion, viruses were (temporarily) unavailable 
due to adsorption to aggregates or N-depletion was not as strong as P-deple-
tion. The latter may also have been (at least partly) the result of E. huxleyi 
being able to utilize organic N-compounds (urea and amino acids; Ietswaard 
et al. 1994), thereby maintaining the production of EhV despite the low con-
centration of inorganic nitrogen, and thus similar similar to our findings for 
organic P (Chapter 8). 
The actual effects of low nutrient availability on virus proliferation 
in the natural marine environment can be expected to be more complicat-
ed because of the interplay with a range of other environmental variables. 
NP-controlled growth conditions, however, did not strengthen the effects of the 
single N- and P-limitations on algal virus proliferation (Fig. 9.1, Chapter 5). 
Cumulative effects on P. globosa virus PgV were however found for P-limita-
tion in combination with light intensity (Fig. 9.1, Chapter 6). Although under 
P-limitation the latent periods and burst sizes were equally affected across 
all light levels (photosynthetic active radiation, PAR; Fig. 9.1), the virus prog-
eny was almost completely inactive (less than few %; Chapter 6) in a system 
where phytoplankton was P-limited, the viral lysis rates might thus strongly 
vary with depth and cloud cover and depend on the strength of water column 
stratification. Almost no other data on such cumulative inhibiting effects of 
more than one environmental factor is available in the literature, but it is 
very likely that these are common interactions that strongly influence the im-
pact of viruses on phytoplankton. I postulate that unfavorable light conditions 
might also strengthen the effects of other nutrient limitations on the virus 
production, particularly for virus-host systems that are dependent on host 
photophosphorylation. Such effects of PAR irradiance intensity may be even 
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9stronger in combination with limitations of nutrients that are essential in the 
photosynthetic machinery of phytoplankton, e.g. the elements N and iron in 
the photosynthetic proteins D1 and ferredoxin (Geider et al. 1993). 
Studying the cumulative effects of environmental variables on phyto-
plankton host-virus interactions is of special interest and essential in the light 
of climate change. Ocean and sea surface temperatures are rising, which af-
fects the phytoplankton optimal growth environment with consequent shifts 
in production and community composition (Boyd et al. 2013, Barton et al. 
2016, Finkel et al. 2010). At the same time, higher temperatures will lead to 
increased vertical stratification of the surface ocean, leading to reduced nutri-
ent (P) availability and more static light climate for phytoplankton (Karl et al. 
1997; Sarmiento et al. 2004; Behrenfeld et al. 2006). Concomitantly, elevated 
pCO2 concentrations may further affect phytoplankton growth by decreas-
ing the pH in the water column and increasing the availability of inorganic 
carbon for phytoplankton. CO2 enrichment did not affect virus proliferation 
in nutrient replete or P-limited M. pusilla (Fig. 9.1; Chapter 2). However, it is 
possible that virus-host interaction in other phytoplankton species responds 
in a different way. This thesis (Fig. 9.1; Chapter 6 and 7) as well as some other 
published studies (temperature by Nagasaki & Yamaguchi 1998, PAR inten-
sity by Baudoux et al. 2008, pCO2 by Carreira et al. 2013, and UV light by 
Jacquet & Bratbak 2003), show that the influence of environmental factors on 
phytoplankton host-virus interactions can be species-specific. Phytoplankton 
are a polyphyletic group, occupying a large range of different niches, i.e. pos-
sessing specific adaptations to their environment. Differences in  functional 
traits may underlay variation in response to viral infection under specific en-
vironmental conditions. For example, small phytoplankton cells are thought 
to cope better with nutrient and light limitation than the larger ones due to 
their more optimal ratio of resource uptake to utilization (Raven 1998). Using 
pico-sized (M. pusilla) and nano-sized (P. globosa) phytoplankton host species, 
the differences between the model systems might therefore be size-specific. 
However, based on only two phytoplankton species it cannot be excluded that 
the differences are due to group-specific or even purely species-specific traits. 
The extent to which the virus is dependent on the specific physiological 
state of the host determines the ultimate outcome (dependence on resources, 
e.g. photophosphorylation; Juneau et al. 2003). This aspect of virus-phyto-
plankton interaction has only been minimally studied and needs more at-
tention. For instance, Brown & Bidle (2014) suggested that viruses recycle 
nucleotides from their host, but in Chapter 8 I show that for MpV at least a 
part of the viral nucleotides is newly synthesized. Furthermore, I show that 
the addition of a surplus (enrichment treatment, Fig 9.1B) of P to M. pusilla 
host cells with P-limited physiology before infection does not directly optimize 
MpV burst size. Hence, virus proliferation was not only affected by shortage of 
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9P as element in viral building blocks, but also partly by the cellular machin-
ery that facilitates viral proliferation, i.e., intracellular enzymatic activity or 
energy supply. The reductions in virus proliferation in this thesis coincided 
with specific alterations in host physiology (e.g. photosynthetic efficiency, ele-
mental stoichiometry, the composition of pigments and lipids and net primary 
production; Chapter 2, 3, 6 and 7). The physiological state of the host cell is 
thus highly valuable in drawing conclusions about the effects of environmen-
tal variables on virus proliferation and subsequent impact on host population 
dynamics. Studies using e.g. radioactively labelled nutrients or techniques 
looking into the transcription profile of virus and host genes under various 
environmental constraints, may further improve our insight into the role of 
host physiology and resource allocation during virus infection. 
Reallocation of lipids from host to virus occurred for both lipid-con-
taining PgV-07T and MpV-08T algal viruses used in this thesis (Chapter 3, 
4 and 5). Additionally, the role of lipids in virus-phytoplankton interaction 
deserves special attention because the content and composition of lipids and 
associated fatty acids in phytoplankton is strongly affected by environmental 
factors such as temperature, light, pH and nutrient availability (Chapter 3, 
Guschina and Harwood 2009, Martin et al. 2011). Phytoplankton lipid and 
fatty acid composition strongly determines the nutritional quality of the cells 
for higher trophic levels (Ahlgren 1990, Desvilettes & Bec 2009). I showed that 
viruses can alter the effects of the abiotic environment on phytoplankton lipid 
composition, such that P-limitation induced lipid remodeling is inhibited by 
viral infection (Chapter 3). This strengthens the speculation that viruses have 
the potential to affect phytoplankton host food quality for grazers feeding on 
infected cells (Evans et al. 2009; Chapter 5), particularly when infected cells 
are preferentially grazed over non-infected cells (Evans et al. 2008, Sheik et 
al. 2014). 
Culturing studies as presented in this thesis not only aid to a better 
comprehension of the underlying processes by which marine viruses affect 
phytoplankton population dynamics, but are also important for our under-
standing how food web functioning and biogeochemical cycling are affected 
by global change. Modelling studies are a valuable asset for placing the re-
sults in a context of natural conditions, as they allow to study the effects of 
decreased and delayed viral proliferation (due to a suboptimal environment) 
on phytoplankton populations for several generations. Semi-natural experi-
mental set-ups such as mesocosms or artificial microbial communities could 
then be used to test such models. However, it remains as primary importance 
to obtain more data on the effects of the abiotic environmental factors on eco-
logically important virus-phytoplankton combinations.
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Marine phytoplankton are unicellular photosynthetic microbes that are res-
ponsible for roughly fifty percent of global primary production and form the 
base of most of the pelagic food chains. Phytoplankton production is con-
trolled by so called ‘bottom-up’ factors, i.e. physicochemical variables such 
as light, temperature, CO2 and nutrient availability. However, phytoplankton 
abundances are also regulated by ‘top-down’ mortality factors, such as zoop-
lankton grazing and viral lysis. Viruses are host-specific infectious particles, 
that consist of genetic material in a protein capsid, and which depend on host 
cells to reproduce. Upon infection they replicate inside the host cell and are 
then released into the extracellular environment through cell lysis, from where 
they can infect new host cells. As opposed to grazing of phytoplankton, viral 
lysis diverts matter and energy away from higher trophic levels to the dis-
solved organic matter pool. Changes in the impact of viruses on phytoplank-
ton mortality might thus have subsequent impacts on food web dynamics 
and biogeochemical cycling. However, despite the ecological significance of the 
topic, knowledge on how the environment affects virus-phytoplankton interac-
tions is still largely limited. For instance, studies thus far mostly considered 
the effects of nutrient deprivation, while the possible effects of nutrient supply 
rate, type of molecular compound, and the potentially interacting effect of two 
stressors (e.g. nutrient availability and light level) have been largely overloo-
ked. The relevance of such studies is high as anthropogenic activities result in 
(i) changing nutrient load and N:P ratios, and (ii) increasing atmospheric and 
aquatic CO2 concentrations and warming of the surface ocean. Global war-
ming may induce and/or strengthen vertical stratification which in turn leads 
to a more stable light climate (high or low intensity, depending on the actual 
depth) and increasing nutrient limitation. 
With this thesis I aimed to obtain a better understanding on how abi-
otic factors affect virus-phytoplankton interaction, alone and in combination 
with other relevant environmental variables. The main focus in this thesis is on 
phosphorus (P) limitation, for the primary reason that phytoplankton growth in 
many coastal and oceanic systems worldwide is (seasonally) limited in P, and the 
future (stratified) ocean is expected to become more P-limited than nitrogen (N) 
limited due to diazotroph N-fixation in the ocean surface. The studies in this the-
sis were carried out with axenic phytoplankton host-virus model systems under 
well-controlled experimental set-ups to obtain a mechanistic understanding and 
allow accurate quantification of virus growth characteristics, i.e., the viral latent 
period (time until first release of viruses), the viral burst size (number of viruses 
produced per host cell lysed) and the percentage of infective progeny viruses. 
Host cell physiology (e.g. photophysiology and lipid composition) was monitored 
to relate differences in results between treatments to host metabolism.
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AIn Chapter 2 of this thesis, the effects on virus-host interaction were 
studied in a future ocean scenario of P-limitation with elevated partial CO2 
pressure (pCO2 of 750 µatm, representing the year 2100). Cells of the picoeu-
karyotic phytoplankter Micromonas pusilla were grown in P-limited chemo-
stats: continuous cultures in which the growth rate (and thus the strength of 
limitation) is determined by the dilution rate of the medium (0.25 µM PO4
3-). 
The P-limited cells were forced to grow at 97% and 32% of the P-replete growth 
rate (maximum growth rate, µmax of 0.72 d
-1). At steady state (i.e. sustained 
P-controlled balanced growth with constant cell abundances), the algal cel-
lular P-quotas, photosynthetic efficiency and net primary production rates 
were found severely reduced compared with the P-replete treatment. CO2 en-
richment facilitated higher M. pusilla abundances, due to further reduction 
of cellular P and N quota. Upon viral infection (with M. pusilla virus MpV), a 
higher CO2 concentration did not affect virus proliferation. In contrast, P-lim-
itation led to a prolonged latent period by 3 and 6h for the 0.97 and 0.32 µmax 
cultures, respectively (4-8 h under replete conditions). Moreover, the burst 
size reduced 5-fold, independent of the degree of P-limitation. These results 
indicate that a combination of low P-availability and high pCO2, a likely sce-
nario for the future oceans, may support higher picophytoplankton biomass 
(elevated pCO2) and reduce their mortality by viruses (P-limitation).
Chapter 3 shows that P-limitation (but not elevated pCO2) affects the 
composition of intact polar lipids (IPLs) in M. pusilla. For the first time we 
show that this (i) occurs in a picoeukaryotic green alga, (ii) that the lipid re-
modeling depends on the strength of limitation and furthermore (iii) that lipid 
remodeling can be influenced by MpV infection. The ratio of phospholipids 
(phosphorus containing lipids) to sulfolipids and galactolipids (sulfur- and 
galactose containing lipids) was shown to strongly decrease along a gradient 
from P-replete conditions to P-controlled growth at 0.97 and 0.32 µmax, and to 
P-starvation. When the P-starved cultures were infected with MpV, total P-lip-
id substitution was either lower (0.97 µmax) or completely inhibited (0.32 µmax). 
Thus the effects of viral infection on the IPL composition were dependent on 
the growth history of the cells. This study demonstrates that not only P-con-
centration, but also the P-supply rate can affect phytoplankton lipid composi-
tion, and that viral action can interfere with host lipid metabolism and as such 
affect the chemical composition of dissolved and particulate organic matter. 
The effect of viral infection on host IPL composition was further investi-
gated for the haptophyte Phaeocystis globosa (Chapter 4). Viral infection of P. 
globosa with its virus PgV did not lead to changes in IPL composition. This is 
in itself remarkable because literature shows that lipid profiles of the closely 
related haptophyte Emiliania huxleyi are strongly affected by viral infection. 
A closer look to the IPL bound fatty acids (FAs; Chapter 5), however, reveals 
that viral infection did lead to a decrease of polyunsaturated FAs. Organisms 
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Ain higher trophic levels are dependent on phytoplankton for these highly nu-
tritional compounds and hence these results suggest that viral infection of 
P. globosa has the potential to affect ecosystem dynamics by reducing the 
availability of PUFAs in the system (via grazing on infected cells or via lysed 
dissolved organic matter). Chapters 3, 4 and 5 furthermore describe that MpV 
and PgV possess lipid membranes, which resemble host lipid composition, 
but that they are impoverished in thylakoid membrane specific galacto- and 
sulfolipids. The profile of PgV showed shorter and more saturated FAs than 
the average FAs of the host. Both viruses might selectively recruit their mem-
branes from their phytoplankton host, i.e. from specific cell compartments.
In Chapters 6 and 7 the effects of P-limitation on M. pusilla and P. 
globosa were investigated in relation to light availability and N-limitation, re-
spectively. Chapter 6 shows that P-limitation in combination with relatively 
low or high light level (respectively 25 and 250 µmol quanta m-2 s-1) resulted 
in severely reduced photosynthetic efficiencies for both phytoplankton species 
(compared to medium light level of 100 µmol quanta m-2 s-1 and the P-replete 
treatment). The low and high light treatments did not affect virus proliferation 
in infected M. pusilla. In contrast, the viral burst size of PgV decreased by 55 
and 23%, respectively. Remarkably, only 2 and 4% of the virus progeny were 
infective, as compared to 62% for P-limited under standard light level. This 
study clearly shows that light level can drastically strengthen the negative ef-
fects of P-limitation on virus infectivity and that this effect is host species-spe-
cific.
Simultaneously low availability of P and N (Chapter 7) did not lead to 
such cumulative constraints on viral proliferation in M. pusilla and P. globosa. 
Although for both species the steady state maximum growth rate under N- 
and NP-limitation was equal to P-limitation, the NP-limited treatment showed 
most resemblance to the N-limited cultures in mean cell size, cellular mean 
chlorophyll fluorescence, and photosynthetic efficiency. All infected N- and 
NP-limited cultures showed similarly prolonged viral latent periods as un-
der P-limitation. While MpV burst sizes were equally reduced under N- and 
P-limitation (i.e. ±70%), the burst sizes of PgV were further reduced by 94% 
under N- and NP-limitation (as compared to 70% for P-limitation). The results 
demonstrate that N-limitation can be equally inhibiting or be an even stronger 
inhibitor of viral proliferation than P-limitation. This is in shear contrast to the 
thus far prevailing perception that algal virus production is hardly affected by 
host N-limitation. 
The previous chapters indicate that the availability of P is an important 
regulating factor of algal virus proliferation and that the outcome of infection 
depends on the strength of the metabolic limitation of the host prior to in-
fection (i.e. the supply rate of P). The latter is an important finding as prima-
ry producers in seas and oceans experience different degrees of P-limitation. 
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AFurthermore, primary production in oligotrophic pelagic systems depends 
strongly on a continuously low supply of nutrients by nutrient recycling. I 
therefore studied the effect of near-continuous supply of the limiting nutrient 
(i.e. P) to infected M. pusilla (Chapter 8). A low supply of the soluble reactive P 
(SRP) to P-limited M. pusilla during the infection cycle resulted in a doubling 
of the burst size as compared to no addition, independent of the level of P-lim-
itation (0.97 or 0.32 µmax). Delaying this supply up to 18h post infection still 
increased the burst size to a similar level. Supply with an organic P-source 
(soluble non-reactive P, SNP) led to a similar burst size stimulation as with 
SNP, illustrating efficient utilization of SNP compounds by M. pusilla during 
infection. Viral burst sizes were even stimulated by natural SNP in virus-free 
lysate (also SRP-free) of previously lysed P-limited M. pusilla. This study shows 
the importance of the supply rate of ecologically relevant low concentrations of 
P for virus production in P-limited phytoplankton hosts. The data suggest that 
remineralization (illustrated by the SRP-supply) and viral lysis of neighboring 
cells (mimicked by the SNP treatment) can promote viral proliferation and 
thus phytoplankton mortality by viral lysis even though SRP concentrations 
in the water are depleted.
Overall, the research presented in this thesis provides new insights into 
how the type and level of nutrient limitation determines the outcome of the 
lytic virus infection of phytoplankton-hosts. Moreover, depending on the spe-
cies, light level can force an additional constraint on already relatively low 
viral burst sizes of nutrient-limited phytoplankton. The success of lytic viral 
infection (speed of production and number of produced viruses) is thus depen-
dent on the metabolic state of the host cells and variability in environmental 
factors has a strong potential to influence virus production and subsequent-
ly viral-induced phytoplankton mortality. No direct role for IPLs and FAs in 
the interaction between the physicochemical environment and phytoplankton 
proliferation was observed, but viral infection was found to have the potential 
to interfere with how the environment affects host IPL composition, possibly 
altering the nutritional (FA) value of phytoplankton. Knowledge on how the 
environment affects phytoplankton viral lysis becomes more important as the 
human population drastically influences the earth’s atmosphere and oceans. 
This thesis strengthens the hypothesis that virus activity and viral-induced 
phytoplankton mortality might be strongly affected by global change process-
es, with consequent potential effects on food web dynamics and biogeochemi-
cal cycling. Further study, in line with this thesis, is needed to investigate the 
effects of the environment on virus-host interaction, with particular emphasis 
on differences between host species, virus strains infecting the same species, 
and examination under natural conditions.
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ASamenvatting
Marien fytoplankton is een groep eencellige fototrofe micro-organismen die we-
reldwijd verantwoordelijk zijn voor grofweg vijftig procent van de totale globale 
primaire productie en de basis vormen van de meeste pelagische voedselke-
tens in de zeeën en oceanen. Fytoplankton productie wordt sterk bepaald door 
de invloed van groei-regulerende abiotische omgevingsfactoren zoals licht, 
temperatuur, koolstofdioxide (CO2) en concentraties minerale voedingsstoffen 
(nutriënten). Aan de andere kant zijn er ook sterfte-regulerende factoren die 
de dichtheden fytoplankton beïnvloeden, zoals begrazing door zoöplankton en 
virale cel lysis (het uiteenvallen van de cel waarbij nieuw geproduceerde vi-
russen vrijkomen). Virussen zijn gastheer-specifieke infectueuze deeltjes die 
bestaan uit genetisch materiaal in een eiwitmantel, en zijn voor reproductie 
volledig afhankelijk van een gastheercel. Na adsorptie van een virusdeeltje 
aan een cel worden er nieuwe virussen in de gastheercel geproduceerd. Door 
middel van cel lysis komen de virussen dan weer vrij in de extracellulaire om-
geving waarop ze weer nieuwe gastheercellen kunnen infecteren. In tegenstel-
ling tot begrazing van fytoplankton, verhindert virale lysis de overdracht van 
voedingsstoffen en energie naar hogere trofische niveaus in de voedselketen. 
Deze stoffen komen bij lysis weer in oplossing of suspensie in de waterko-
lom. Veranderingen in de invloed van virussen op fytoplankton sterfte kun-
nen dus grote gevolgen hebben voor het functioneren van het voedselweb en 
de kringloop van elementen zoals koolstof, stikstof en fosfor (respectievelijk 
C, N, P). Echter, ondanks de relevantie van deze processen is er nog steeds 
weinig kennis over de wijze waarop het fysisch-chemische milieu de interactie 
tussen fytoplankton virussen en hun gastheren beïnvloedt. Er is bijvoorbeeld 
wel onderzoek gedaan naar de effecten van nutriënt limitatie op fytoplankton 
gastheer-virus interactie, maar dit betrof dan algemene P-deprivatie (afwezig-
heid of erg lage concentraties), terwijl de mogelijke effecten van de toevoersnel-
heid van het nutriënt, het type bestanddeel (ander P-bevattend component of 
bv. N-limitatie), en de interactie met andere factoren (bv. nutriënt limitatie in 
combinatie met licht intensiteit of CO2) nooit zijn onderzocht. De relevantie 
van dergelijke studies wordt versterkt door de grote wereldwijde toename van 
atmosferische en aquatische CO2 concentraties en het opwarmen van de op-
pervlakte van de Oceanen, door menselijk handelen. Opwarming versterkt de 
stratificatie (gelaagdheid; minder menging) van de waterkolom en leidt daar-
mee tot een stabieler licht klimaat (hoge of lage intensiteit, afhankelijk van de 
diepte) en toenemende nutriënten limitatie. 
Het doel van dit proefschrift was het verkrijgen van een beter begrip van 
de invloed van de abiotische omgeving op fytoplankton gastheer-virus inter-
actie, en dan zowel de effecten van enkele factoren als de gelijktijdige effecten 
van verschillende factoren. De centraal bestudeerde omgevingsvariabele in dit 
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Aproefschrift is P, omdat dit element, dat een belangrijk deel uitmaakt van 
o.a. het genetisch materiaal en het celmembraan van fytoplankton, wereldwijd 
sterk limiterend is in vele kust- en oceaansystemen. Vanwege N2-fixatie door 
diazotrofe prokaryoten in oppervlaktewateren, zal er ook in de sterker gestra-
tificeerde toekomstige oceanen eerder P- dan N-limitatie optreden. 
De onderzoeken in dit proefschrift zijn allen uitgevoerd met axenische 
fytoplankton cultures in gereguleerde experimentele opstellingen zodat de ef-
fecten op fytoplankton groei en sterfte, en virus reproductie nauwkeurig kon-
den worden bepaald, i.e., het tijdsinterval tussen infectie en het vrijkomen van 
de eerste geproduceerde virussen (latente periode; uren), het aantal geprodu-
ceerde virussen per gastheer cel (virale productiegrootte; virussen per cel), en 
de infectiviteit van de geproduceerde virussen. Hierbij is er vooral ook nadruk 
gelegd op de fysiologie en lipidensamenstelling van de gastheer, omdat deze 
mogelijk informatie kunnen geven over de oorzaken van veranderingen in de 
interactie tussen gastheer en virus. 
In hoofdstuk 2 van dit proefschrift werd fytoplankton gastheer-virus 
interactie bestudeerd onder toekomstige oceaan condities van P-limitatie met 
verhoogde partiële CO2 druk (pCO2). De eukaryotische picofytoplankton soort 
Micromonas pusilla werd hiervoor gekweekt in P-gelimiteerde chemostaten: 
continu cultures waarin de groeisnelheid van de cellen (en dus de sterkte 
van limitatie) wordt bepaald door de toevoersnelheid van het medium (hier 
0.25 µM PO4
3-). De P-gelimiteerde cultures werden op deze wijze afgestemd 
om te groeien op 97% en 32% van de maximale groeisnelheid (µmax; 0.72 d
-1 
onder nutriënt verzadigde condities) en daarbij blootgesteld aan een pCO2 van 
370 en 750 µatm (als respectievelijk gemeten en verwacht in de jaren 2000 
en 2100). Gedurende de stabiele groeifase (gebalanceerde P-gelimiteerde groei 
met constante aantallen cellen), bleken de cellulaire P-quota, efficiëntie van 
fotosynthese en netto primaire productie sterk gereduceerd door de P-limite-
rende condities. Verhoogde pCO2 resulteerde in nog sterker verlaagde N- en 
P-quota, waardoor M. pusilla hogere cel aantallen kon bereiken op dezelfde 
P-concentratie. Hogere pCO2 had geen invloed op M. pusilla virus (MpV) re-
productie, maar P-limitatie leidde tot een respectievelijke verlenging van de 
latente periode van 3 en 6h voor de 0.97- en 0.32µmax cultures. De virale pro-
ductiegrootte (325 virussen per cel onder P-verzadigde condities) was onge-
veer 5 keer lager onder P-limitatie, onafhankelijk van de sterkte van limitatie. 
Deze gegevens suggereren dat P-limiterende omstandigheden in combinatie 
met verhoogd pCO2, als onder toekomstige oceaan condities, hogere aantallen 
picophytoplankton faciliteren en de sterfte druk door virusinfecties reduceren. 
Hoofdstuk 3 laat zien dat P-limitatie de samenstelling van intacte po-
laire lipiden (IPLs) in M. pusilla beïnvloedt. Hierbij werden geen effecten van 
pCO2 waargenomen.  Voor het eerst beschrijven we in de literatuur dat (i) dit 
proces plaatsvindt in een picoeukaryote groene alg, (ii) dat de veranderingen 
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Ain lipidensamenstelling afhangen van de sterkte van de limitatie, en (iii) dat 
MpV infectie invloed heeft op de veranderingen in lipidensamenstelling. De 
cellulaire ratio van fosfolipiden (fosfor bevattende lipiden) tot sulfolipiden en 
galactolipiden (zwavel en galactose bevattende lipiden) nam af met toenemen-
de sterkte van P-limitatie: van P-verzadigde condities tot P-gelimiteerde groei 
op 0.97 en 0.32µmax en verder tot 30h P-deprivatie. Echter, wanneer de P-ge-
limiteerde cultures werden geïnfecteerd met MpV werden deze veranderingen 
in IPL-samenstelling afgeremd (0.97µmax) of zelfs volledig beëindigd (0.32µmax). 
De effecten van virale infectie op de IPL-samenstelling in M. pusilla waren 
dus afhankelijk van de groei-historie van de cellen. Deze studie laat zien dat 
niet alleen de P-concentratie, maar ook de toevoersnelheid van dit element, 
alsmede virusinfecties, de IPL-samenstelling in fytoplankton cellen kunnen 
beïnvloeden, met gevolgen voor de chemische samenstelling van opgelost en 
gesuspendeerd organisch materiaal in de waterkolom.
De effecten van virale infectie op de IPL samenstelling van fytoplank-
ton werden verder bestudeerd in de haptofyt Phaeocystis globosa (Hoofdstuk 
4). In dit geval resulteerde infectie van de gastheer met het virus PgV niet 
tot veranderingen in de IPL compositie. Dit is op zichzelf opmerkelijk omdat 
de lipidensamenstelling in de sterk verwante haptofyt Emiliania huxleyi wel 
wordt beïnvloed door virale infectie. De aan de lipiden gebonden vetzuren in P. 
globosa waren echter wel anders in de geïnfecteerde cultures, waarbij de re-
latieve hoeveelheid meervoudig onverzadigde vetzuren (polyunsaturated fatty 
acids; PUFAs; Hoofdstuk 5) afnamen. Hogere trofische niveaus in de mariene 
voedselketen zijn afhankelijk van fytoplankton voor deze PUFAs die een zeer 
hoge voedingswaarde hebben. Virale infectie van P. globosa heeft daarom mo-
gelijk invloed op de hoeveelheid PUFAs in een voedsel web (door begrazing 
van geïnfecteerde cellen of gelyseerd organisch materiaal). De hoofdstukken 
3,4 en 5 beschrijven dat de virussen MpV en PgV zelf ook lipidenmembranen 
bezitten die gelijkenissen vertonen met de respectievelijke gastheren, maar 
dan verarmd in de thylakoïde-specifieke sulfo- en galactolipiden. De PgV lipi-
den bevatten gemiddeld kortere en meer verzadigde vetzuren dan de gastheer. 
Beide virussen verwerven hun lipidenmembraan waarschijnlijk selectief uit 
bepaalde organellen van de gastheercel.
In de hoofdstukken 6 en 7 werden de effecten van P-limitatie op M. 
pusilla en P. globosa bestudeerd in relatie tot de hoeveelheid (fotosynthetisch 
beschikbaar) licht en N-limitatie. Hoofdstuk 6 laat zien dat P-limitatie van 
beide soorten onder laag en hoog licht (respectievelijk 25 en 250 µmol quanta 
m-2 s-1) resulteerde in sterk verlaagde P-quota en efficiëntie van fotosynthese 
(in verhouding tot een medium licht intensiteit van 100 µmol quanta m-2 s-1 en 
P-verzadigde condities). Reproductie van MpV in M. pusilla werd hierbij niet 
beïnvloed door licht intensiteit. Echter de virale productiegrootte van PgV in P. 
globosa, was respectievelijk 55 en 23% lager onder lage en hoge lichtintensi-
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Ateit, waarbij de infectiviteit van de geproduceerde virussen ook nog eens was 
gedaald tot respectievelijk slechts 2 en 4%. Dit onderzoek laat duidelijk zien 
dat P-limitatie de negatieve effecten van lichtintensiteit op de productie en 
infectiviteit van fytoplankton virussen drastisch kan versterken, en dat deze 
effecten tevens soortspecifiek zijn.
Dergelijke versterkende effecten van twee abiotische factoren op fyto-
plankton virus proliferatie werden niet geobserveerd bij gelijktijdig lage be-
schikbaarheid van P en N (Hoofdstuk 7). Onder stabiele limiterende groei con-
dities was de groeisnelheid van de N- en NP-gelimiteerde cultures hetzelfde 
als onder P-limitatie, maar de NP-gelimiteerde cultures leken qua celgrootte, 
chlorofyl fluorescentie en efficiëntie van fotosynthese het meest op de N-geli-
miteerde cultures. De latente periode van de viraal geïnfecteerde N- en NP-geli-
miteerde cultures liet dezelfde verlenging zien als onder P-limitatie. Voor MpV 
was de afname in virale productiegrootte (70% ten opzichte van P-verzadig-
de condities) ook hetzelfde onder N, P en NP-gelimiteerde condities, maar de 
productiegrootte van PgV onder N- en NP-limitatie was afgenomen met 94%, 
terwijl dit 70% was onder P-limitatie. Afhankelijk van de fytoplankton virus-
gastheer combinatie, kunnen de effecten van N-limitatie op virus productie 
dus even groot of zelfs groter zijn als onder P-limitatie. Dit is in grote tegenstel-
ling tot de tot dusver heersende opvatting dat fytoplankton virus reproductie 
vrijwel niet wordt beïnvloed door N-limitatie.
De voorgaande hoofdstukken laten zien dat de P concentratie een sterk 
sturende factor kan zijn in de regulatie van fytoplankton virus reproductie en 
dat de effecten mede worden bepaald door de metabole staat van de gastheer 
voor infectie. Dit is een belangrijk gegeven omdat primaire producenten in de 
zeeën en oceanen onderhevig zijn aan verschillende sterktes van P-limitatie. 
Daarbij is primaire productie in oligotrofe pelagische systemen sterk afhanke-
lijk van een continue lage toevoer van nutriënten uit de nutriënten kringloop 
(remineralisatie). Om deze redenen heb ik de effecten van een bijna-continue 
toevoer van het limiterende nutriënt (P) op geïnfecteerde M. pusilla cellen be-
studeerd (Hoofdstuk 8). Een lage, maar constante toevoer van anorganisch 
reactief P (soluble reactive P; SRP) aan geïnfecteerde M. pusilla leidt zelfs tot 
een verdubbeling van de virale productiegrootte. Dit was onafhankelijk van de 
sterkte van P-limitatie (0.97 or 0.32µmax) en was zelfs nog mogelijk tot 18h na 
de start van de infectie (bepaald door het moment van P-toevoer uit te stellen 
voor verschillende tijdsintervallen). Toevoer van minder reactieve vormen van 
P (soluble non-reactive P; SNP) tijdens de infectiecyclus, waaronder organische 
componenten, resulteerden in dezelfde toename in virale productiegrootte als 
met SRP, en illustreren dus een efficiënt gebruik van SNP componenten tij-
dens de infectiecyclus. Er werd zelfs een hogere productiegrootte geobserveerd 
na toevoeging van SRP- en virusvrij MpV lysaat. Dit werd dus gefaciliteerd 
door natuurlijke SNP-componenten die vrijkomen uit gelyseerde cellen. Deze 
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Astudie laat zien hoe belangrijk de toevoersnelheid van ecologisch relevante P 
concentraties zijn voor virus productie in P-gelimiteerde fytoplankton cellen. 
Virus proliferatie, en dus viraal geïnduceerde sterfte van fytoplankton, kan 
worden gestimuleerd door P-remineralisatie (SRP) en lysis van cellen in de 
omgeving (SNP), zelfs als de daadwerkelijke concentraties van SRP laag zijn. 
De onderzoeksresultaten in dit proefschrift geven nieuwe inzichten in 
hoe fytoplankton virus proliferatie kan worden beïnvloed door het type en 
de sterkte van minerale nutriënten limitatie. Afhankelijk van de fytoplankton 
soort (of virus-gastheer combinatie), kan lichtintensiteit bovendien een extra 
beperking opleveren voor de al relatief lage virale productiegrootte onder P-
limitatie. Het succes van een lytische virale infectie (de snelheid van productie 
en het totaal aan geproduceerde virussen) is afhankelijk van de metabole staat 
van de gastheercel en variatie in omgevingsfactoren kan dus grote effecten 
hebben op virus productie en daarmee op fytoplankton sterfte. Er werd geen 
sturende rol van IPLs en vetzuren geobserveerd in de interactie tussen de 
fysisch-chemische omgevingsvariabelen en virus proliferatie, maar virale in-
fectie bleek wel invloed te hebben op de samenstelling van deze componenten, 
met mogelijke gevolgen voor de voedingswaarde van fytoplankton voor hogere 
trofische niveaus in de voedselketen. Kennis over de effecten van de fysisch-
chemische omgeving op virale lysis van fytoplankton wordt steeds relevanter 
door de drastische effecten van de menselijke populatie op de atmosfeer en 
oceanen. Dit proefschrift versterkt de hypothese dat virale activiteit, en door 
virus veroorzaakte fytoplankton sterfte, sterk kan worden beïnvloed door deze 
wereldwijde milieuveranderingen, met mogelijke gevolgen voor mariene eco-
systemen en de kringloop van elementen. Vervolgonderzoek aan de effecten 
van omgevingsvariabelen op fytoplankton virus-gastheer interactie is nodig, 
met nadruk op verschillen tussen virus-gastheer combinaties en tevens uitge-
voerd onder (semi-)natuurlijke condities.
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“Sometimes we have a long road ahead of us and we think it's so terribly long 
that we never make it. That's what we think. And then you start rushing. And 
you rush and you rush. Every time you look up you see that the road is no 
shorter than it was before. And you stress and you strain and you start getting 
frightened. And out of breath. And you can't go another step. You must never 
think of the whole road at once, do you understand? You must always think of 
one, just one step at the time. One breath. One stroke of the broom. One at the 
time. And it's fun. That's important. Then you do your job well. And that's how 
it should be. All of a sudden you realize that you've gone the whole way step by 
step. You didn't even notice how you did it. You aren't even out of breath. That’s 
important.”
-Michael Ende-
En daar is het proefschrift dan eindelijk! Op het moment dat je echt geen 
planning meer durft te maken en geen deadline meer durft te stellen, is het 
er opeens zomaar. En pas als je terugkijkt besef je hoeveel werk je erin hebt 
gestopt en hoe je in die periode bent gegroeid en realiseer je je ook de rol die 
anderen daarin hebben gespeeld. Allereerst gaat mijn dank uit naar mijn pro-
motor Corina Brussaard. Toen ik aan het einde van mijn studie voor het eerst 
hoorde over virussen die fytoplankton infecteren, ging er een nieuwe wereld 
voor me open. Natuurlijk spelen de processen die de groei en productie van 
fytoplankton bepalen een belangrijke rol in het mariene voedselweb, maar 
het is minstens zo belangrijk wat er vervolgens met die primaire producenten 
gebeurd. De effecten van virale lysis zijn niet gemakkelijk te onderzoeken en 
in vele studies is er te weinig aandacht voor deze onzichtbare vorm van mi-
crobiële sterfte. Corina heeft sterk bijgedragen aan het ‘zichtbaar’ maken van 
mariene virussen en hun effecten op fytoplankton sterfte en het was daarom 
een voorrecht om met haar te kunnen werken. Corina’s niet-aflatende energie 
en vasthoudendheid in combinatie met een sterk oog voor detail, maken het 
niet altijd even makkelijk om haar bij te houden. De eerste maanden van het 
project was ik vaak overladen en doodmoe als we een bespreking hadden ge-
had. Niettemin zijn dit kwaliteiten die horen bij een goede promotor en deze 
zelfde eigenschappen hebben mij ook altijd ontzettend gemotiveerd. Altijd als 
ik dacht dat een onderzoek vastliep, niet meer de moeite waard was, of als een 
‘peer-review’ beoordelaar ongekend bot en negatief een manuscript afkeurde, 
wist ze me altijd te motiveren om door te zetten en vrijwel altijd met succes. 
Corina, bedankt voor de inzet van jouw kant: je interesse, de bereidheid om 
altijd tijd voor me te vinden in je drukke agenda en de kennis en inspiratie die 
je met me hebt gedeeld. Ik zal ook nooit je imitatie vergeten van de ongelukkige 
copepode die wordt opgezogen in de flowcytometer.  
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AIk heb ongeveer een jaar gewerkt aan de effecten van CO2 op fytoplank-
ton. Geen eenvoudige materie, omdat er heel wat bij komt kijken om CO2 op de 
juiste wijze toe voegen aan de cultures en al helemaal om het te kunnen meten 
in zeewater medium. Klaas Timmermans, bedankt voor je adviezen hierover! 
Steven van Heuven, Astrid Hoogstraten, Lesley Salt, Libby Jones en Nikki 
Clargo, bedankt voor jullie hulp met het analyseren van DIC monsters op dat 
indrukwekkende apparaat dat de VINDTA heet! Ook heb ik tijdens mijn pro-
motie een kijkje kunnen nemen in de wereld van de organische chemie Een 
veld waarmee de fytoplankton ecofysiologie een belangrijk raakvlak heeft; in 
letterlijke zin voor virus-gastheer interactie. Stefan, Nicole, Ellen, Jaap en An-
gelique, bedankt voor jullie hulp en de fijne samenwerking in deze projecten. 
Ik heb veel van jullie geleerd. Stefan, ik waardeer de wijze waarop je overzicht 
weet te creëren in een ogenschijnlijke brij van gegevens. Nicole, bedankt voor 
je geduldige uitleg over lipiden en vetzuren, de extracties en analyses! Judith 
van Bleijswijk en Harry Witte, jullie hebben me geholpen met het bepalen van 
de virus genoom productie in de cel. Bedankt voor jullie hulp met het uitwer-
ken van de methodes en het ontwikkelen van de primers. Harry, daarnaast 
ben je meerdere malen mijn redding geweest met de statistiek in mijn manus-
cripten!
Met eerlijk gezegd een beetje jaloezie keek ik naar mijn collega’s die als 
werkplek, de Noordzee, de Atlantische Oceaan of zelfs de Caraïben hadden. 
Het meest exotische dat ik voor mijn proefschrift heb gedaan was het werken 
(op het lab) met een fytoplankton virus uit Japan. Een voordeel van experi-
menteel laboratoriumwerk is wel dat je al je werk doet onder gecontroleerde 
omstandigheden en dat je zo minder snel voor methodische of logistieke ver-
rassingen komt te staan. Daarbij had ik het voorrecht om te werken op een 
laboratorium met een fantastisch team aan medewerkers, geleid door Anna 
Noordeloos. Anna, dank voor je deskundige en zeer welkome adviezen over 
cultures, analyses en experimentele opstellingen. Kirsten en Alma, jullie zor-
gen ervoor dat er een enorme hoeveelheid aan fytoplankton cultures wordt 
onderhouden en dat alles altijd voorhanden is. Bedankt voor de honderden 
liters medium waar mijn algen op hebben mogen groeien. Govert, van jou heb 
ik zoveel geleerd over microscopie en heterotrofe nanoflagellaten! Bedankt dat 
je zelfs na je pensioen nog bereid was om te komen helpen! Jan Hegeman en 
Santiago Gonzalez, bedankt voor jullie hulp met de primaire productie me-
tingen op het isotopenlab. Santiago, aan jou tevens mijn dank voor de DOC 
metingen en daarbij bleek onlangs ook nog eens dat je van alles af weet van 
copepoden kweek! Geweldig dat je me daarmee geholpen hebt. Helaas was 
het voor mijn tijd dat er een groep mensen op het NIOZ intensief werkte aan 
micro- en mesozooplankton. Deze groepen organismen zijn een essentieel on-
derdeel van de mariene microbiële ecologie en het is een groot gemis voor het 
NIOZ dat deze werkgroep niet meer bestaat en hun kennis op dit moment nau-
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Awelijks meer wordt benut. Swier, bedankt voor de HPLC en spectrometrische 
analyses. Josje, voor je kennis van en gedeelde passie voor het isoleren van 
algen, heterotrofe flagellaten en ciliaten. Karel Bakker, Sharyn Ossebaar en 
Jan van Ooijen, bedankt voor de vele nutriënten analyses. Geweldig dat jullie 
de moeite wilden doen om geregeld op korte termijn monsters mee te draaien. 
 Corina’s virusgroep waarin ik werkte bestond toen ik begon uit vier 
personen: Corina, Claire, Kristina en ik, maar groeide al snel uit tot een wis-
selende groep van rond de tien mensen die allemaal aan erg verschillende 
projecten werkte met virussen as gemeenschappelijke deler. Uiteindelijk over 
de periode van mijn promotietraject waren dit zoveel mensen dat ik niet eens 
meer alle namen weet. Ik ga toch een poging doen: Kate, Catia, Lisa, Abdul, 
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